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A B S T R A C T
Microbial diversity plays a key role in the maintenance of intestinal homeostasis and in the development of the
immune system in the gut mucosa. Maybe one of the most important function of our gut microbiota is the
immune system education, in particular the discrimination of friends from foes that occurs during childhood. In
addition to bacterial antigens, several metabolites of microbial origin have a crucial role in training of the
immune system, such as Short Chain Fatty Acids (SCFAs).
There are many evidences on the role of the gut microbiota in rheumatic diseases, in particular modiﬁcations
of microbiota composition causing dysbiosis that, in turn, can induce gut permeability, and thus immunological
imbalance and trigger inﬂammation. In particular, immune cells can reach extra-intestinal sites, such as joints
and trigger local inﬂammation. Childhood is a crucial period of life for development and evolution of the gut
microbiota, especially for the acquisition of fundamental functions such as immunotolerance of commensal
microorganisms. For this reason, gut dysbiosis is gaining interest as a potential pathogenetic factor for Juvenile
Idiopathic Arthritis (JIA). Here we summarized the studies conducted on JIA patients in which a pro-arthrito-
genic microbial proﬁles has been observed; this, together with a depletion of microbial biodiversity, clearly
distinguish patients' from healthy subjects' microbiota. Further studies are however needed to better clarify the
role of microbiota in JIA pathogenesis.
1. Introduction
The gastrointestinal tract is the district that hosts the greatest
number of microorganisms: an estimate of about 100 trillions (10ˆ14), a
number 10 times higher than the cells of the human body (10ˆ13). The
microbiota brings our idea of “human genome” to a new scale, in fact,
quantitatively, the genes of the intestinal microbiota exceed about 100
times the number of genes of the human body. We can say that our
biochemical functions are not only the result of the action of our genes,
but also that of “our” microorganisms, so we have to study both our
genome and our “metagenome” that represents the set of genes of our
microbiota. Speciﬁcally, the bacterial population inhabiting the human
gastrointestinal tract consists of more than 500 bacterial species be-
longing to four main phyla: Firmicutes and Bacteroidetes, representing
almost 80–90%, while Proteobacteria and Actinobacteria about
10–20%; then there are a small part of the Archaea methanogens
(mainly Methanobrevibacter smithii), eukaryotes (especially the yeasts)
and viruses (for example phages). Thus, we are superorganisms and the
microbiota is an organ, actually a “super organ”.
2. The microbial community: from infancy to adulthood
For several years, it was believed that humans were sterile before
birth. Recent studies have instead described that meconium of healthy
newborn infants contains a simple microbial community, dominated by
genera such as Escherichia-Shigella, Enterococcus, Leuconostoc,
Lactococcus and/or Streptococcus [1–3]. The formation of the ﬁrst mi-
crobial community is strictly dependent from mode of birth, which can
substantially inﬂuence the composition of the neonatal gut microbiota.
Children who are delivered spontaneously present an initial simpliﬁed
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gut microbiota similar to that of the mother's vaginal tract, dominated
by Lactobacilli. Instead, children born by Caesarean section present a
gut ecosystem populated by genera such as Staphylococcus, Cor-
ynebacterium and Propionibacterium, very similar to the microbiota of
the mother's skin [4,5].
Immediately after birth, the human intestine is soon colonized by a
series of microorganisms, with the ﬁrst colonizers being facultative
anaerobic bacteria; the newborn gut is an environment suitable for the
colonization of strictly anaerobes, such as Bacteroides, Clostridium and
Biﬁdobacterium spp.. During the ﬁrst months of life, the intestinal mi-
crobiota is therefore characterized by a low richness, with a dominance
of Actinobacteria and Proteobacteria phyla. Subsequently the micro-
biota becomes more complex with greater biodiversity, determined by
the increase of Firmicutes and Bacteroidetes phyla [6–8]. Many factors
inﬂuence the microbial colonization of the gastrointestinal tract; among
these, genetics, gestational age, mode of birth, diet during the ﬁrst
months of life (breast milk or formula), and last but not least en-
vironmental factors, such as hygiene and possible antibiotic treatment
[9,10].
During the ﬁrst year of life, as a result of the increase in food variety
and environmental exposures, microbial biodiversity increases, and so
the complexity of the gastrointestinal microbiota too [11,12]. Child-
hood is a fundamental moment of development and evolution of the gut
microbiota, especially for the acquisition of physiological functions.
The infant gut microbiota seems to be specialized for the acquisition of
nutrients in particular vitamin B and amino acids [12].
The ﬁrst three years of life represent the most critical period for the
growth and development of the child. In fact, changes of the diet (in-
troduction of new food) and consequently intestinal microbiota mod-
iﬁcations have the potential to deeply inﬂuence the health and host
development [4,13–15]. It has been observed that the microbiota of a 3
year old child is 40%–60% similar to that of a healthy adult, reaching a
microbial composition in the adolescence comparable to that of an
adult [4]. Although the gastrointestinal microbiota of children and
adolescents contains many of the same taxa present in adults, sig-
niﬁcant diﬀerences have been reported in the proportions of Bacteroides
and Biﬁdobacterium spp., as well as members of the Clostridia class, and
it has now been demonstrated that the adult intestinal microbiome
remains stable from the third to the seventh decade of life [16].
Factors aﬀecting the stability and complexity of intestinal micro-
biota over time, from infancy to adulthood to the elderly include ge-
netics, birth mode, diet, geography, hygiene, stress, medications. Some
of these factors may introduce perturbations leading to phenomena of
microbial dysbiosis. This disturbing event introduces the concept of
“resilience” which refers to the amount of perturbation that a microbial
system can tolerate and the ability to restore the state of equilibrium
[17]. In the healthy gut, biodiversity, resilience and stability contribute
to important physiological processes including protection against pa-
thogens and education of immune system [18].
3. Host-microbes co-evolution, intestinal homeostasis and
dysbiosis
Human beings, like all animals, represent a complex structure in
which various microbial ecosystems are established in the various dis-
tricts of the body (e.g. skin, vagina and intestine). The intestine is the
most densely populated district by microorganisms (10ˆ14 bacteria).
During evolution, changes in length and the partitioning of the diges-
tive tract allowed vertebrates to occupy diﬀerent habitats and exploit
diﬀerent nutritional strategies. Many of these changes in bowel phy-
siology have been driven by the need to optimize basic physiological
and biological functions, such as nutrient uptake [19]. The animal and
human host and their microbiota have evolved over the millennia in a
homeostatic and symbiotic relationship. The normal functioning of the
digestive and immune system depends on the presence of non-patho-
genic “beneﬁcial” bacteria and the homeostasis of the intestinal
microbiota is characterized by the coexistence of various commensal
microbial species.
The “healthy” status is represented by a high level of intestinal
microbial richness, while the disease status is characterized by the
massive reduction of intestinal microbial species, as observed in several
inﬂammatory and autoimmune diseases [20,21]. In an ecological con-
text, biodiversity creates an ecosystem able to resist to perturbations
deriving from the external environment [22]. In fact, competitive in-
teractions between microbial species can help to maintain the stability
of the intestinal microbiota [23]. Understanding how the “healthy”
microbiota gives rise to a stable and resilient state would allow stra-
tegies to increase resilience in disease conditions.
4. The microbiome and immune training
Microbial diversity plays a key role in the maintenance of intestinal
homeostasis and in the development of the immune system in the gut
mucosa. Maybe one of the most important functions of our microbiota
is the immune system education, in particular the discrimination of
friends from foes. In addition to bacterial antigens, several metabolites
of microbial origin have a crucial role in training of the immune system,
such as Short Chain Fatty Acids (SCFAs). SCFAs are known as fuel for
colonocytes, but provide important immune protective functions. For
example, acetate was found able to regulate intestinal homeostasis, by
stimulation of the proliferation of Treg cells in the lamina propria [24],
and butyrate have several immunological functions associated to potent
regulatory eﬀects on gene expression, promoting epithelial barrier in-
tegrity [25].
Regarding correlation between gut microbiome and immune re-
sponsivity, some studies showed important new insights on underlying
molecular eﬀects of the microbiome on immune responses [26], the
role of environmental and genetic factors on T and B cell immune traits
[27] and genetic and host/environmental factors inﬂuencing cytokine
responses [28,29]. Combining large-scale analysis of immune varia-
bility with accompanying functional information allows examination of
immunity at an unprecedented level. These studies provide for the ﬁrst-
time insights and reference values for future studies addressed at un-
derstanding how the microbiome aﬀects (the interaction between) in-
ﬂammation and autoimmune disorders and how the metabolome is
involved in this interaction.
The breaking of the microbial balance generates intestinal dysbiosis,
characterized by an altered composition of the microbial populations
with consequent continuous immunological stimulation that leads to
abnormal immune responses that often originate an inﬂammatory
status. Dysbiosis has been described in many gastrointestinal diseases,
such as inﬂammatory bowel diseases (IBD), celiac disease, irritable
bowel syndrome (IBS), antibiotic-associated diarrhea, tropical entero-
pathy and many others [30–33]. Recently, numerous evidences suggest
that the intestinal dysbiosis is not limited to gastrointestinal diseases,
suggesting that intestinal bacteria can inﬂuence the systemic immune
response. In fact, studies have shown intestinal dysbiosis in relation to
metabolic syndromes (obesity, diabetes), chronic periodontitis, vagi-
nosis, atopic diseases, rheumatic diseases, Alzheimer's disease, autism
and others [34–37]. The loss of a correct homeostasis of the intestinal
immune system, together with the increased intestinal permeability,
have been reported to be closely correlated with alterations of the
microbiota that make the host more susceptible to the onset of in-
testinal diseases [38]. During aging, processes of chronic inﬂammation
are characterized by loss of gastrointestinal function, alteration of host
immune response and consequent chronic gut inﬂammation. The
characteristics of an unbalanced microbiota include an increase in
gram-negative bacteria linked to an environment with high oxidative
stress, with inﬂammation and production of pro-inﬂammatory meta-
bolites. Often these variations appear to be diet-dependent and strongly
correlated with health indicators, including susceptibility markers, as
well as inﬂammation markers [39].
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However, while disruption of intestinal homeostasis can be widely
recognized, it is not clear whether dysbiosis represents a cause or a
consequence of the disease. Several studies have shown diﬀerential
factors contributing to dysbiosis, including host genetics (mutations in
genes involved in intracellular recognition of microbes, such as the
NOD2 gene, or in genes related to regulatory or pro-inﬂammatory im-
mune responses), lifestyle (diet, stress, hygiene), exposure to micro-
organisms and pharmacological treatments, such as antibiotics.
Mutations in genes involved in mechanisms of immune regulation or in
the pro-inﬂammatory pathways could lead to uncontrolled inﬂamma-
tion in the gastrointestinal tract. In presence of dysbiosis, there is an
abnormal composition of the microbiota, which often results in a re-
duction in the number of symbionts and/or an increase in the number
of pathobionts. The result is a nonspeciﬁc inﬂammation that can pre-
dispose the genetically susceptible individual to disease states char-
acterized by inﬂammatory responses mediated by T-helper cells [40]. It
is also hypothesized that inﬂammation alone inﬂuences the composi-
tion of the microbiota favoring the pathobionts [40].
A healthy microbiota contains a balanced microbial composition
characterized by symbiotic bacteria carrying beneﬁcial functions to the
host such as commensal bacteria and permanent residents, that do not
bring any beneﬁt or harm to the host, as well as pathobiont bacteria,
permanent bacteria with pathogenetic potential, but strictly under
control of the symbionts and the host. During the dysbiosis, however,
the number of symbionts decreases, while the number of pathobionts
increases [40]. Furthermore, hygiene and excessive use of antibiotics,
unable to distinguish between pathogenic or symbiotic/commensal
microorganisms, could negatively aﬀect the microbiota [40]. In this
context, the “old friends” hypothesis proposed in 2003 by Rook et
coworkers [41] and the “Hygiene hypothesis” [42] can explain the
relationships between microbial exposure and development of auto-
immune diseases. The “old friends” hypothesis refers to those micro-
organisms that evolved together with the human immune system, in the
Paleolithic era, at the time of hunter-gatherers, and that therefore in-
ﬂuenced the evolution and development of the human immune system
[43].
The “hygiene hypothesis” (also called the “theory of biome deple-
tion” and the “lost friends theory”) states that the reduction of im-
portant microbial patterns necessary to educate the host's immune
system results in a decrease in intestinal microbial richness with con-
sequent alterations in processes involving host-microorganism interac-
tions, capable to promote the onset of disease in susceptible hosts
[42,43]. Therefore, a sterile environment or excessive hygiene, typical
of Western developed countries, allows us to protect against exposure to
dangerous pathogens, but at the same time to avoid exposure to so-
called “old friends” [44–46].
Many subjects living in traditional rural communities are con-
tinuously exposed to a number of deadly infectious diseases, such as
malaria or gastrointestinal or respiratory tract infections. These infec-
tions may have a chronic eﬀect on inﬂammation, as it has recently been
shown that brief stimulation of monocytes to microbes induces a pro-
longed hyper-inﬂammatory state, which has been named trained im-
munity, and which is mediated by profound reprogramming of the in-
tracellular metabolism and epigenetic reprogramming [47]. Alterations
in trained immunity processes could set important stages in auto-
immune disorders.
A limited exposure makes the immune system immature, especially
during childhood and can promote the development of allergies and
autoimmune diseases, while early exposure to ancient environmental
microorganisms, the so-called “old friends”, is essential to “train” our
immune system, preventing the attack of non-legitimate targets that is
the starting event of autoimmune disorders.
5. The impact of diet on the intestinal microbiota
Numerous studies have shown that the mutual relationship between
the intestinal microbiota and the host is strongly inﬂuenced by the diet.
The consumption of various nutrients in fact aﬀects the composition
and structure of microbial communities as it provides substrates for
microbial metabolism itself.
From childhood, the biggest change in the composition of the mi-
crobiota occurs when solid food is introduced. At weaning, a shift to-
wards a more stable microbiota was observed, similar to that of an adult
[11]. In this period of life, the concept of association between diet,
commensal bacteria and health can be introduced. Numerous studies
have described diﬀerences in the composition of the gut microbiota in
formula or breastfed infants [48–50].
In human milk, there are important bioactive compounds, in par-
ticular the indigestible oligosaccharides such as fructooligosaccharides
(FOS) and galacto-oligosaccharides (GOS) that contribute to the ab-
sorption and digestion of nutrients, to the immune protection and to the
selective promotion of the growth of the Biﬁdobacterium genus
[48,49,51–53]. Biﬁdobacterium is linked to the fortiﬁcation of the in-
testinal mucosal barrier, to the protection against pathogens and to the
modulation of the intestinal immune system [54–56]. Another diﬀer-
ence is that aerobic microorganisms appear to be more prevalent in the
feces of breast-fed infants, whereas the facultative anaerobic and
anaerobic microorganisms, which preferentially use anaerobic glyco-
lysis, are more commonly found in the feces of formula-fed infants [11].
The diﬀerent food sources have therefore guided the evolution of
human beings where co-evolution with symbiotic microorganisms has
given rise to genuine mutualistic relationships. A comparison between
the intestinal microbiota between diﬀerent primates and mammals has
shown that humans are grouped together with omnivorous primates
compared to non-primate species [19], suggesting how the variety of
foods in an omnivorous diet is the most important factor of the gut
microbiota evolution.
Signiﬁcant variations in the composition of the microbiota have
been associated with the consumption of dietary ﬁbers of fruits and
other vegetables, compared to a diet rich in animal proteins, simple
sugars and lipids. In controlled dietary experiments in healthy volun-
teers, variations in the intake of resistant starches or non-starch poly-
saccharides have been linked variations of speciﬁc bacterial taxa, such
as Ruminococcus bromii and Eubacterium rectale [57]. By in vitro analysis
of human fecal samples, these taxa have been shown to selectively
metabolize speciﬁc substrates consisting of indigestible carbohydrates
[58]. The model systems have in fact shown that an important function
of the microbiota of the intestine consists in its ability to ferment
complex carbohydrates and polysaccharides, with the consequent pro-
duction of SCFAs [59]. Additional sources of glycans for the metabolism
of the intestinal microbiota are also represented by the mucus at the
level of the intestinal mucosa produced by the host.
In recent years, thanks to studies carried out on diﬀerent popula-
tions all over the world in non-urbanized environments, it has been
possible to understand the role of diet in determining the composition
of the intestinal microbiota. In several studies fecal microbiota from
traditional populations living in rural, non-industrialized societies were
compared with that of populations characterized by a typically Western
lifestyle [12,60–64].
Our study [60] showed for the ﬁrst time that the intestinal micro-
biota of children living in the African rural village of Burkina Faso was
completely diﬀerent from the microbiota of children living in Italy, as
representative of a modern Western country. By using the Next Gen-
eration Sequencing technique, we analyzed the composition of the in-
testinal microbiota of healthy children aged 1–6 years who live in a
rural African village in Burkina Faso, whose life conditions are very
similar to those of Neolithic. The diet of these children is mainly ve-
getarian, consisting of cereals such as millet, sorghum, vegetables and
legumes. The results were compared with those obtained from a po-
pulation of Italian children of the same age having a typically Western
diet. The microbiota of children from Burkina Faso have greater bio-
diversity compared to Italians, especially bacteria that are able to digest
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cellulose (Prevotella, Xylanibacter, Butyrivibrio and Treponema). These
bacterial genera allow to maximize the extraction of energy from non-
digestible food polysaccharides, and return beneﬁcial compounds for
our intestines, such as SCFAs, in particular butyrate, a powerful natural
anti-inﬂammatory. Moreover, despite the fact that these children live in
precarious hygiene conditions and are subject to a high rate of in-
fectious diseases, they present a reduced number of potentially patho-
genic bacteria, such as Escherichia coli/Shigella, which are instead pre-
sent in the feces of Italian children.
Furthermore, we have also shown how feeding is responsible for the
composition of microbiota; in fact, children of 1–2 years old still
breastfed, belonging to both populations, showed a similar microbial
proﬁle with a predominance of Biﬁdobacterium.
Subsequently, other studies demonstrating the impact of diet on the
intestinal microbiota were conducted on geographically isolated po-
pulations residing in Amazonian regions (Venezuela), rural Malawi
populations [12], and on Bangladeshi children [65], as well as a study
of populations of Papua New Guinea in comparison with residents of
United States of America [63]. An interesting work carried out on the
last hunter-gatherer populations, the Hazda from Tanzania, re-
conﬁrmed how the diet plays a key role in the determination of the
intestinal microbial structure and how speciﬁc microbial proﬁles are
acquired with speciﬁc metabolic functions [62].
In order to understand how long the diet is able to modify the
composition of the intestinal microbiota, David and coworkers [66],
performed a study on 10 volunteers who followed a strictly vegetarian
diet for 5 days, moving then on to a strict carnivorous diet in the 5 days
later. Interestingly, in 24–48 h the composition of the microbiota
changed signiﬁcantly: during the vegetarian diet, bacterial species able
to ferment complex carbohydrates prevail, while during the diet based
on animal proteins bacterial species are selected, such as Bilophila
wadsworthia, able of metabolizing proteins and toxic compounds de-
riving from the burning of meat, which have a well-known strong pro-
inﬂammatory potential.
More recently, our study on Burkina Faso populations [61] has ex-
amined the eﬀect of diet, environment and lifestyle when people move
from a rural environment to urban areas, experience improved socio-
economic conditions and are exposed to a “globalized” Western type
diet. Once again, we have shown that urbanization and changes of
dietary habit play a role in shaping gut microbiota, independently to
ethnicity. Furthermore, we demonstrated that ancient microorganisms,
especially ﬁber-degrading bacteria, are at risk of being eliminated by
the fast-paced globalization of foods and by the advent of westernized
lifestyle. Thus, these results can help to understand the role of micro-
biota in the epidemiology of non-communicable diseases.
In addition, the diet has also been associated with other types of
intestinal microorganisms, such as Archaea and fungi [67,68]. For ex-
ample, carbohydrate consumption is associated with the abundance of
Methanobrevibacter [68]. This archaeon can increase the production of
gas and SCFAs by metabolizing hydrogen by fermentation of carbohy-
drates, and thus playing an anti-inﬂammatory role [69]. Likewise, the
diet could also inﬂuence intestinal fungal communities, which have
been associated with the pathogenesis of IBD. Evidence has shown that
alteration of immune response to fungi could contribute to chronic
inﬂammation, as occurs in Crohn's disease [70–72].
Moreover, the MetaHIT Consortium proposed to categorize the in-
testinal microbiota in “enterotypes” [73]. People can be classiﬁed as
having a predominance of Prevotella, Bacteroides or Ruminococcus in the
intestinal microbiota. These enterotypes were related to a diet rich in
animal protein and fat (Bacteroides) and a diet rich in carbohydrates and
simple sugars (Prevotella) [74]. There has been considerable discussion
about enterotypes; some data sets support the existence of these cate-
gories, while others do not [17], suggesting that the detection of en-
terotypes depends on the computational approach used to analyze data
sets [75]. It is suggested that a better term could be “enterogradient”,
based on the dominance of Bacteroides or Prevotella. It seems that these
two genera largely do not exist in equal proportions in the human gut
[76]. A larger proportion of Prevotella in the human intestinal micro-
biota could be considered a marker of rural or traditional culture, while
a higher percentage of Bacteroides is associated with industrialized
countries [73]. Overall, these studies demonstrated the co-evolution
between diet and microbiota in rural areas and urban societies, showing
the eﬀect of Westernization on the loss of traditional microbes
[60,66,74,77] and supporting the hypothesis of a consequent depletion
of bacterial wealth in relation to metabolism (obesity, insulin re-
sistance, dyslipidemia) and inﬂammatory disorders.
6. Alterations to the gut microbiota induced by antibiotic
treatment
Several concerns have risen from the antibiotic use in treating pa-
thogenic infections, due to the capability of alteration of the diversity
and functional capacity of the dominant gut microbiota [78,79]. Al-
though beneﬁts that antibiotics have brought to medicine are un-
discussed, their use represents an example of environmental pressure on
resident microbiota, able to largely disrupt the microbial environment,
promote secondary infections by opportunistic pathogens and spread
antibiotic resistance. In fact, antibiotics do not selectively target pa-
thogens, but they also unavoidably aﬀect the viability of non-patho-
genic and resident species that contribute to host health.
For example, Dethlefsen and coauthors [80] describe how cipro-
ﬂoxacin treatment inﬂuenced the abundance of a third of the gut bac-
terial taxa, decreasing the taxonomic richness, diversity, and evenness
of the community, though inter-individual variation in the response to
this antibiotic was observed. Others antibiotics, such as ﬂuor-
oquinolones and β-lactams, administrated for seven days, were re-
sponsible of signiﬁcantly decreasing microbial diversity and the core
phylogenetic microbiota [81]. Moreover, in infants, combination of
ampicillin and gentamicin for 4 weeks induced a signiﬁcant increase of
Proteobacteria and reduction of Actinobacteria compared to an un-
treated group [82].
Intergenerational transmission of bacteria during birth initiates the
natural successional development of the intestinal microbiota in all
mammals. Aloisio and collaborators [83] evaluated the eﬀects of in-
trapartum antibiotic prophylaxis (IAP) on gut microbiota of newborn,
routinely used in a group B Streptococcus positive-women to prevent
the infection of infants. The authors found signiﬁcant diﬀerences in the
microbial composition of neonates born to mothers who had received
IAP, with a lower abundance of Actinobacteria (in particular Biﬁdo-
bacterium spp. strains) and Bacteroidetes, as well as an over-
representation of Proteobacteria.
Korpela and collaborators [84] indicate that it is possible to correct
undesired changes in microbiota composition and function caused by
antibiotic treatments in infants by supplementation of a probiotic
mixture together with at least partial breastfeeding.
More recently, Tulstrup et al. [85] demonstrated that the develop-
ment of the gut microbiota can be disrupted by antibiotic exposure,
potentially aﬀecting early-life microbiota-dpendent metabolic pro-
gramming. In particular, the authors demonstrated that in animal
model early-life exposure to an antibiotic-perturbed and low-diversity
microbiota is suﬃcient to cause changes in body weight persisting into
adulthood.
Only recently it was appreciated the role of microbiota on host
physiology and the associations between antibiotic use and numerous
diseases. Antibiotic treatment may disrupt microbe–microbe, as well as
microbe–host interactions that represent key mechanisms for the
maintenance of homeostasis within this ecosystem. Commensal bac-
terial communities confer protection to the host through the inhibition
of growth of pathogenic bacteria and competition for ecological niches,
and through stimulation of host immune system that enhances its an-
timicrobial activity. Direct inhibition of pathogen expansion by com-
mensal bacteria can derive by: (i) competition for nutrients, (ii)
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production of antimicrobial peptides and toxins, (iii) stimulation of host
defense mechanisms [86,87].
In a review of Arvonen and coworkers [88], overview of human
studies evaluating long-term changes to the microbiota following ex-
posure to antibiotics was described. Although methods of investigation
of gut microbiota alteration were diﬀerent among the studies, in many
instances it resulted that antibiotics do impact the microbiota long-
term, even up to two years [87], and it seems that antibiotics directed
against anaerobic microorganisms have a lasting impact than others.
Expansion of pathogenic microorganisms can be suppressed by the
presence of surrounding commensal populations that compete for si-
milar nutrient sources. The expansion of antibiotic-resistant strains
and/or the acquisition of antibiotic resistance can contribute to per-
manent alterations of the microbiota composition, potentially leading
to loss of beneﬁcial and/or increase of deleterious species. Moreover,
reduced stimulation of the immune system by commensal bacteria
could damage the correct education/training of the immune system,
leading to the development of immune responses against self or
harmless antigens, thus predisposing the host to autoimmunity.
Atopic, inﬂammatory and autoimmune diseases have been linked to
gut microbiota dysbiosis [89–93] and, in some cases, signiﬁcant asso-
ciations have been found between antibiotic use and these diseases
during early life, a critical period for maturation of the immune system
and establishment of immunological tolerance [94,95]. Despite the
relative paucity of data related to antibiotic exposures and autoimmune
disorders, some studies showed that the number of courses of anti-
biotics administered during childhood is associated with risk of juvenile
rheumatoid arthritis [96,97] and of inﬂammatory bowel disease [98].
In the review of Arvonen et al. [88], the coauthors also analyzed the
two registry-based case controls studies [96,97] on JIA patients and
healthy controls with the aim to evaluate whether antibiotic use aﬀects
subsequent risk of JIA, and performed a regression analysis of the data,
observing that exposure to diﬀerent antibiotic categories seems to be
associated to higher risk of JIA compared to exposure to a limited
number of antibiotics. One of the main objectives of scientiﬁc research
in pediatric dysbiosis will be to understand how broad spectrum of
antibiotic usage in children may disrupt normal development of the gut
microbiota, and consequently the immune system, potentially leading
to increased risk of inﬂammatory and autoimmune diseases.
7. The gut microbiota and autoimmune diseases
In economically developed countries, a progressive increase of
metabolic, inﬂammatory and autoimmune diseases, such as obesity,
type I diabetes, inﬂammatory bowel disease (IBD), allergies, multiple
sclerosis, autism, arthritis and rheumatic diseases, have been recorded,
particularly in pediatric populations. Modern lifestyles, in particular
“Western” diet (high-fat/high-sugar diet), processed and reﬁning food,
urbanization, pollution, sanitation and antibiotic treatment have mod-
iﬁed the gut microbiota composition and related metabolic functions,
with respect to diet and lifestyle and gut microbial proﬁles of tradi-
tional and isolated populations worldwide [60,61,66,99–104].
Evidence showed that loss of beneﬁcial symbionts, deriving by
dysbiotic microbiomes, predispose to non-communicable diseases
[63,105–107]. In the last decade, alteration of gut microbiota was ob-
served in rheumatic disease and arthritis, most notably rheumatoid
arthritis (RA), psoriasis, and the related spondyloarthritides (SpA), in-
cluding ankylosing spondylitis (AS) and reactive arthritis (ReA), simi-
larly to IBD, in which gut bacteria have a role in the etiopathogenesis
[104,108,109]. In early life, some studies showed that artiﬁcial feeding
is associated with an increased risk of autoimmune disease, such as
ankylosing spondylitis (SpA) [110]. While, breast-feeding appears to be
protective against JIA, as showed in some studies involving JIA children
and healthy subjects [111–113].
The intestinal microbiota can modulate either local mucosal im-
mune system or inﬂuence the systemic immune response. Of great
interest is the understanding if dysbiosis is as a trigger or a reﬂection of
autoimmune and inﬂammatory disorders [114,115].
Studies in germ-free (GF) and speciﬁc pathogen-free (SPF) animal
models [116,117], together with a wide body of literature on eﬀect of
administration of antibiotics [118] or probiotics in modulation of gut
microbiota, and recently the fecal microbiota transplantation model
[119,120] have highlighted the role of the microbiota in immune
homeostasis. In particular, microbial communities have the potential to
shape the innate and adaptive immune responses [121–124].
In animal models, mice reared in germ-free conditions are healthy,
the introduction of some bacterial species can have inﬂammatory or
anti-inﬂammatory eﬀect directly promoting on inhibiting the develop-
ment of inﬂammatory disease, such as autoimmune disease or IBD. It
was hypothesized that, during intestinal inﬂammation, increased mu-
cosal uptake of gut bacteria and their membrane molecules, such as
Lipopolysaccharides (LPS), peptidoglycan-polysaccharides (PG-PS) lead
to systemic diﬀusion of these bacterial components and subsequent
extra-intestinal inﬂammation, such as arthritis [125]. This hypothesis
was also supported by historical studies showing reactivation of ar-
thritis by systemically injected LPS or PG-PS [126,127] and the
founding of bacterial antigens, such as that of Yersina spp. and Salmo-
nella spp., within synovial leukocytes in patients with B27-associated
reactive arthritis [128,129].
Some studies demonstrated that, not necessarily pathogenic bac-
teria, but also gut microbial communities are suﬃcient to induce joint
inﬂammation [122,130]. For example, Rath and collaborators [122]
identiﬁed subpopulations of intestinal bacteria playing a crucial role in
the pathogenesis of spontaneous colitis and peripheral arthritis in ge-
netically susceptible B27 transgenic rats. In particular, in animal
models of arthritis, upon germ-free conditions, the re-introduction of
Bacteroides spp., especially B. vulgatus and B. fragilis, reactive articular
inﬂammation [122,131]. Recently, mice colonized with Prevotella copri,
a bacteria species found abundant in new onset RA patients, showed
increased sensitivity to dextran sodium sulfate (DSS)-induced colitis
and increased inﬂammation [132].
Moreover, in autoimmune and inﬂammatory diseases, the gut mi-
crobiota can induce alteration of mucosal permeability and reduction of
immune tolerance to commensals [123,133–135]. Tailford and collea-
gues [136] showed that Bacteroides spp. and Akkermansia muciniphila
were able to increase access of the bacteria to the intestinal immune
system, promoting inﬂammatory processes. The former bacterial genus,
thanks to enterotoxin production [137], and, the latter, through mucin
degradation, can increase mucosal permeability and internalization of
enteric bacteria in the mucosa [138–140]. Along those lines, increased
intestinal permeability has been found both in JIA patients [40] and in
adults with ankylosing spondylitis [141].
The gut microbiota also plays an important role in the adaptive
immune system. An animal model of spontaneous arthritis, the K/BxN
mouse, explained the potential role of the microbiota and the missing
links with systemic immunity and autoimmune arthritis [116]. K/BxN
mice reared in GF conditions showed reduction of arthritis. Commensal
bacteria can induce lamina propria Th17 cells and activate inﬂamma-
tion on the joints by migration of T cells into the peripheral lymphoid
tissue [142]. Secretion of IL-17, in turn, acts directly on B cells to in-
duce production of autoantibody that, ﬁnally, lead to the development
of disease. It was reported that segmented-ﬁlamentous bacteria (SFB)
into GF K/BxN mice drive autoimmune arthritis through induction of
the Th17 cells [116].
Therefore, although it was hypothesized that gut bacteria induce
systemic immune response through soluble factors circulating from the
gut into the periphery, the study on K/BxN mice showed that micro-
biota-derived products could inﬂuence the immune system at distal
sites without leaving the gut. Thus, T cells whose functions are dictated
by intestinal commensal bacteria can be eﬀectors of pathogenesis in
tissue-speciﬁc autoimmune disease.
As mentioned above, diet is one of the main factor contributing to
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modulation of gut microbiota composition.
Some disorders, such as celiac disease and obesity, have an evident
association with diet and with triggering of arthritis and rheumatic
disease [143,144]. Evidences on the role of the gut microbiota in
rheumatic diseases lead to suppose that diet, aﬀecting the microbiota
composition, in turn, can inﬂuence these disorders [145,146].
A great body of literature showed that changing of dietary habits
and lifestyle led to modiﬁcations of microbiota composition, causing
dysbiosis that, in turn, can induce gut permeability, and thus im-
munological unbalance and trigger of gut inﬂammation. In arthritis
condition, immune cells can reach extra-intestinal sites, such as joints
and trigger local inﬂammation (Fig. 1) [147,148].
8. Altered microbial proﬁles in juvenile idiopathic arthritis
Pediatric rheumatic diseases consist of a heterogeneous group of
autoimmune conditions, most of which are chronic systemic illnesses
that can determine serious morbidity and long-term disability [149].
The pathogenesis of rheumatic disorders is still under investigation, and
currently it is believed to originate from a complex interaction between
host genetics, immunological dysregulation and environmental inﬂu-
ences [149]. Intestinal microbiota aﬀects many physiological processes,
having a regulatory eﬀect on intestinal permeability and a modulatory
eﬀect on host immune system and self-tolerance acquisition [150]. As
above showed, altered composition and function of gut microbiota are
deemed to play an important role in the development of many auto-
immune chronic diseases, including Inﬂammatory Bowel Diseases (IBD)
[151,152], Type 1 Diabetes [92,153] and chronic arthritis, such as
rheumatoid arthritis (RA) and ankylosing spondylitis (AS) [132,154]. In
the ﬁeld of Pediatric Rheumatology, gut dysbiosis is gaining interest as
a potential pathogenetic factor for Juvenile Idiopathic Arthritis (JIA).
JIA is the most common chronic rheumatic disease of childhood,
with a reported prevalence between 16 and 150 per 100.000 [155]. The
term JIA does not refer to a single disease but rather encompasses a
group of related conditions characterized by chronic joint inﬂammation
and variable systemic involvement [155].
According to current classiﬁcation [156], there are seven diﬀerent
JIA categories: oligoarticular (involving less than 4 joints at onset);
polyarticular (involving more than 4 joints at onset) rheumatoid factor
positive and negative; psoriatic; enthesitis related arthritis (ERA); sys-
temic onset JIA; undiﬀerentiated arthritis. Picco and coworkers [157]
have indirectly suggested a potential role of intestinal dysregulation in
JIA, demonstrating an increased gut permeability in JIA patients.
Moreover, an association between antibiotic use and development of
JIA has been proven and may be related to alteration in host microbiota
[96,97].
In the era of Next Generation Sequencing, studies have focused on the
composition of fecal microbiota in a particular subset of JIA- ERA, as
summarized in Table 1. ERA accounts for 10–20% of JIA and it is
considered the equivalent of adult SpA. Clinically, it is characterized by
the association of arthritis of large joints in lower extremities, entheses
inﬂammation and common involvement of sacroiliac joints and axial
skeleton [155]. ERA shows strong correlation with the presence of
Human Leukocyte Antigen-B27 (HLA-B27) and with a family history of
HLA-B27 related diseases, namely AS, acute anterior uveitis, sacroiliitis
related to IBD [156]. Interestingly, some degree of intestinal in-
ﬂammation is present in almost two thirds of pediatric SpA patients
[158] and, given this association, alteration in fecal microbiota has
been identiﬁed as a potential trigger for ERA that could drive gut and
joint inﬂammation (Fig. 1).
The most of the studies conducted so far and proposing relationships
between gut microbial proﬁles and autoimmune diseases are mostly
associative. Stoll and colleagues [115] evaluated the content of fecal
microbiota in a cohort of 25 children with ERA and 13 healthy controls.
The study demonstrated a decreased presence of Faecalibacterium
Prausnitzii in ERA patients compared to controls, and an increased
abundance of Biﬁdobacterium, mostly B. adolescentis. These ﬁndings are
consistent with previously reported data on IBD patients [159,160], as
well as in other diseases [37] and could suggest some similarities in the
pathogenesis of these conditions.
Moreover, two other bacterial strains, Akkermansia muciniphila and
Bacteroides showed an increased abundance in patients versus controls,
though not statistically signiﬁcant. A. muciniphila is considered a com-
mensal microorganism that does not cause inﬂammatory diseases, but
is able to degrade intestinal mucin, thus increasing intestinal perme-
ability and contributing to arthritic inﬂammation through disruption of
tolerogenic state between the mucosal immune system and intestinal
microbiota [138].
In a recent study of Stoll and coworkers [161], fecal samples were
collected from 30 ERA patients and 19 healthy children, as well as 11
SpA and 10 healthy adults. Decreased levels of F. prausnitzii A2-165
strain were conﬁrmed in ERA patients, and similar trends were ob-
served in SpA adult patients. Findings of Stoll and coworkers suggest
that depletion of F. prausnitzii could play a role in the pathogenesis of
ERA and SpA. As a matter of fact, F. prausnitzii is a producer of SCFAs
including butyrate, a compound with known anti-inﬂammatory and
regulatory eﬀects [162]. Whole Genome Sequencing study by Stoll and
collaborators [161], analyzing the gut microbial communities at func-
tional level, revealed a decreased representation of the butanoate
pathway in microbiota of ERA patients, indicating a decreased capacity
to synthesize this anti-inﬂammatory agent.
Furthermore, Bacteroides levels were similar in ERA children and
controls, but B. fragilis was four times increased in ERA, consistently
with their previous ﬁndings, while opposite trends were described for
Fig. 1. Role of gut microbiota in development of JIA-
ERA. Genetics and environmental factors, diet and life-
style aﬀect the stability and complexity of the gut mi-
crobial proﬁles causing dysbiosis and gut epithelial per-
meability. Dominance of pathobionts could be
responsible of alteration of both microbial community
composition and bacterial functions. Colonization of pa-
thobionts in the gut induce diﬀerentiation of Th17 cells
producing IL-17, which subsequently migrate from the
gut to peripheral lymphoid tissue. IL-17, in turn, acts
directly on B cells promoting diﬀerentiation of germinal
center B cells in systemic organs with production of au-
toantibody that can circulate into target organ joints,
contributing, ﬁnally, to the development or maintenance
of inﬂammation.
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adult patients. Interestingly, Bacteroides abundance was increased in
ERA patients also in an Indian study by Aggarwal and colleagues [163].
Increased Bacteroides in pediatric patients, but not in adults, could
suggest that this bacterial strain plays a role in JIA due to its inﬂuence
on immune system development, as already hypothesized for other
autoimmune pediatric diseases [164]. In their study, Aggarwal and
collaborators also found higher levels of Enterobacteriaceae, especially
Klebsiella genus, consistent with previous data on AS [165], and of
Enterococcaceae, similarly to ﬁndings in IBD mouse models [166].
Moreover, Prevotella was less abundant, but this was likely related to
diﬀerences in diet of the Indian population. In this study, oral probiotic
were administered to a small sample of ERA patients in order to
evaluate possible modiﬁcations in gut microbial proﬁle, but no diﬀer-
ences were identiﬁed after a period of four months of treatment.
Furthermore, in a Finnish work the authors evaluated [167] mi-
crobiota proﬁles of fecal samples from 30 new onset JIA patients, that
were not treated with corticosteroid and disease-modifying anti-rheu-
matic drugs, ﬁnding a lower relative abundance of Firmicutes and higher
presence of Bacteroidetes, especially bacteria belonging to Bacteroides
genus, in JIA, in agreement with the previously discussed results from
Stoll [115] and Aggarwal [163] in JIA-ERA. The authors found also
high abundance of Actinobacteria and Fusobacteria in JIA patients and
Lentisphaerae in controls, suggesting that JIA patients present speciﬁc
microbiota proﬁle.
Table 1
Summary of studies on fecal microbiota proﬁles in JIA in comparison with healthy children and adult SpA and controls.
Cohorts Summary of fecal microbiota proﬁles Findings on gut microbial functional proﬁles References
25 children with JIA-ERA and 13 healthy
subjects from USA
in ERA patients:
- Reduction of Faecalibacterium prausnitzii,
- Increase of Biﬁdobacterium adolescentiis
- Trend of abundance in Akkermansia muciniphila
and Bacteroides
not performed Stoll ML et al.,
2014 [115]
30 new onset JIA patients from Finland in JIA patients:
- Low abundance of Firmicutes and high
abundance of Bacteroidetes (Bacteroides genus).
- High abundance of Actinobacteria and
Fusobacteria.
In controls:
- Trend of abundance of Veillonella, Streptococcus,
Coprococcus, Lachnobacterium and Anaerostipes.
not performed Tejesvi MV et al.,
2015 [167]
29 JIA (19 ERA vs 10 polyarticular-JIA; nERA)
and 29 healthy subjects from Italy
in both JIA subtypes:
- Abundance of Ruminococcaceae compared to
healthy subjects.
in ERA patients:
- Reduction in Clostridiaceae and
Peptostreptococcaceae
- Increase of Clostridium cluster XIVb
in JIA-nERA:
- Increase in Veillonellaceae
- Trend of decrease in Faecalibacterium.
HLAB27 positive patients:
Abundance of Bilophila, Parvimonas,
Oscillibacter.
HLAB27 negative patients:
Abundance of Haemophilus and Eggerthella.
JIA-ERA metagenome was enriched in bacterial
functions related to cell motility, ﬂagellar assembly
and chemotaxis– > promotion of bacterial
migration and invasiveness through mucosal barrier
Di Paola M et al.,
2016 [168]
99 new onset, treatment–naïve JIA patients
from Italy (n= 78) and Holland (n=21)
In Italian JIA children:
- Increase of Erysipelotrichacea, F. prausnitzii,
Parabacteroides, Ruminococcaceae,
Phascolarctobacterium and Dorea.
- Decrease of Allobaculum, Gemellaceae,
Propionibacterium acnes, Enterococcus,
Turicibacter, Blautiaand Barnesiellaceae in Dutch
JIA patients:
- Eggerthella lenta, Rikenellaceae, Coprobacillus
and Mogibacteriaceae discriminate from healthy
controls, but no signiﬁcant diﬀerences were
found. No signiﬁcant diﬀerences between active
and inactive disease.
not performed van Dijkhuizen
P., et al., 2018
[177]
24 JIA-ERA patients (14 with new diagnosis)
and 19 controls
no signiﬁcant diﬀerences in microbial proﬁles were
found between ERA and controls
in ERA patients:
- down-regulation of tryptophan catabolism:
metabolites of tryptophan pathway play an
immunological role by altering CD4 T cell
function and promoting development or
maintenance of inﬂammation in ERA.
Stoll ML et al.,
2016 [178]
33 JIA-ERA patients and 14 healthy controls
from India
in ERA patients:
- Abundance of Bacteroides, Enterobacteriaceae
(Klebsiella genus) and Enterococcaceae.
- Reduction of Prevotella.
not performed Aggarwal A
et al., 2017
[163]
30 JIA-ERA patients (n= 23 Caucasian, n= 3
African-American, n=2 Asian) and 19
healthy children (n= 17 Caucasian, n= 2
African-American), 11 SpA patients (n=9
Caucasian, n= 2 African-American) and
10 healthy adults (n=6 Caucasian, n= 4
African-American)
in ERA patients and in SpA adult patients:
- reduction of F. prausnitzii A2-165 strain.
in ERA patients:
- four-fold increased abundance of Bacteroides
fragilis compared to adult healthy subjects
in microbiota of ERA patients: decreased
representation of the butanoate pathway–>
reduction of SCFAs production
Stoll ML et al.,
2018 [161]
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In our recent study on Italian children [168], we compared fecal
microbiota of patients aﬀected by two diﬀerent categories of JIA (19
ERA vs 10 polyarticular-JIA) with a cohort of 29 healthy subjects. We
found that microbial biodiversity between the two JIA categories was
markedly reduced with respect to healthy subjects, suggesting a cor-
relation between disease status and biodiversity depletion, as pre-
viously reported in psoriatic arthritis and IBD patients [152,169]. Re-
garding the taxonomic diﬀerences, Ruminococcaceae were found
increased in both JIA categories, while Peptostreptococcaceae and Clos-
tridiaceae were reduced only in ERA patients, and Veillonellaceae
abundant in JIA-non ERA, consistent with previously reported data on
AS [134]. Enrichment of Clostridium genus abundance was found in
ERA patients, while in the oligo JIA a decrease in Faecalibacterium genus
was found compared to ERA and healthy subjects, though not statisti-
cally signiﬁcant. The latter ﬁnding partially diﬀers from previously
discussed Stoll's ﬁndings, where Faecalibacterium was found decreased
in ERA patients, but still remarks a possible pro-inﬂammatory role of
this component of microbiota in the pathogenesis of chronic arthritis.
We also discovered diﬀerential microbial proﬁles and intra-group
variability between active disease and remission, suggesting instability
of microbial ecosystem in autoimmune diseases with respect to healthy
status.
Interestingly, by performing prediction analysis of metabolic func-
tions, we found that JIA-ERA metagenome was diﬀerentially enriched
in bacterial functions related to cell motility and chemotaxis, suggesting
selection of potential virulence traits. These indications of enrichment
in potentially pathogenic invasiveness-related traits in JIA-ERA meta-
genome could suggest a potential improved ability of microbial com-
ponents to pass through the gastrointestinal barrier or migrate in other
districts, also responding to nutrient gradients, and activate the im-
mune responses. Moreover, given that in mice models immunogenicity
of ﬂagellin CBir1 was observed, with consequent induction of colitis,
and antibodies anti-CBir1 were found in CD patients with complicated
disease [170], we cannot exclude the potential eﬀect of ﬂagellar-as-
sembly proteins of some components of microbiota on host immune
system of JIA patients.
Furthermore, we observed diﬀerentially abundant taxa dis-
criminating for HLA-B27 status. HLA-B27 allele represents a genetic
marker strongly associated with spondyloarthropathies. At family level,
increased Lactobacillaceae in HLA-B27positive-JIA patients, and
Pasturellaceae in HLA-B27 negative-JIA patients were found. Of the
increased genera in HLA-B27 positive JIA patients, we observed
Bilophila, a sulphite-reducing bacterium known to be involved in
murine colitis [171] and in intestinal inﬂammatory disorders in humans
[172,173], via H2S production, Parvimonas, commonly observed in
periodontitis and appendicitis [174], and Oscillibacter, involved in gut
barrier integrity in mice [175], while Haemophilus and Eggerthella were
diﬀerentially enriched in HLA-B27 negative patients. When considering
only the JIA-ERA group, in addition Lactobacillus, Clostridium cluster XI,
a well-known pro-inﬂammatory and colitis inducing-bacterium, and
Dialister frequently found in periodontitis and other infections [176],
were enriched in HLA-B27 positive patients, while only Haemophilus
discriminated for HLA-B27 negative status.
In the studies discussed so far, populations were often quite het-
erogeneous, due to the variable disease duration of the patients and to
the diﬀerent therapeutic regimens. Conversely, some other studies fo-
cused only on new onset, treatment-free JIA patients.
Finally, we report results of a multicenter study conducted in Italy
and in the Netherlands, [177]. A cohort of 99 new onset, treatment–-
naïve JIA patients (78 Italians and 21 Dutch) was followed long-
itudinally with collection of samples at baseline and after one year,
which allowed to obtain fecal microbial proﬁles at diﬀerent disease
stages. JIA patients (n=99) were compared with age- and geography-
matched healthy controls (n=107). In Italian JIA children, either at
baseline or in inactive disease, enrichment of Erysipelotrichaceae and
Faecalibacterium prausnitzii and depletion of Allobaculum and
Propionibacterium acnes were observed with respect to healthy controls.
At baseline but not in inactive disease, diﬀerences in Enterococcus, Ge-
mellaceae, Parabacteroides, Ruminococcaceae and Turicibacter were
found. Whereas Bacteroides caccae, Barnesiellaceae and Dorea were dif-
ferentially enriched in inactive disease samples, but not at baseline. In
addition, Eggerthella lenta, Rikenellaceae, Coprobacillus and Mogibacter-
iaceae discriminated Dutch patients compared to healthy controls, but
no evidence of statistically signiﬁcant diﬀerences were observed. Both
in inactive and in persistent activity disease samples, microbiota rich-
ness was signiﬁcantly reduced, as previously reported by our study
[168]. No signiﬁcant diﬀerences were instead found between active and
inactive disease. The authors suppose that gut microbiota proﬁles are
associated to inﬂammation in JIA, but not to disease activity status. In
addition, this study showed diﬀerences in microbiota composition be-
tween Dutch and Italian samples, suggesting that diﬀerences in dietary
habits and other environmental factors could aﬀect the gut microbiota
composition in geographically diﬀerent populations.
Lastly, Stoll and collaborators have applied metabolomic analysis to
fecal samples of JIA to evaluate the functional potential of gut micro-
biota in inﬂammatory process [178]. A total of 24 ERA patients were
enrolled and divided into two cohorts; one of 14 patients with new
diagnosis and another of 10 children with more longstanding ERA.
Although by taxonomic analysis, no signiﬁcant diﬀerences were found
between ERA and healthy subjects, nano-liquid chromatography – mass
spectroscopy (LC-MS) analyses, performed on fecal water, demon-
strated overall a decreased variety of metabolites and altered trypto-
phan metabolomics proﬁle in both patient cohorts compared to healthy
controls. The essential amino acid tryptophan can be metabolized to a
variety of diﬀerent byproducts, some of which could be relevant for
immune responses, such as kynurenine that appears to favor the de-
velopment of regulatory T cells [179]. Down-regulation of tryptophan
metabolism, as observed in ERA patients of this study and already de-
scribed in synovial ﬂuid of patients with RA [180]. Although metabo-
lomic studies on arthritis so far are associative, alteration of tryptophan
could play an immunological role by altering CD4 T function and
promoting development or maintenance of inﬂammation in RA and
JIA-ERA. These ﬁndings are consistent with data on CARD9 deﬁcient
mice, an animal model of colitis, and in which levels of fecal indole-3-
acetic (IAA), deriving by metabolism of tryptophan, were reduced
[181]. Additionally, a study of mice with DSS- induced colitis also
showed decreased fecal IAA [182], further suggesting a contribution in
the reduction of regulatory T cells.
9. Macrophage Activation Syndrome
Macrophage Activation Syndrome (MAS) is a potentially life
threatening complication of rheumatologic diseases [183–185]. MAS is
typically associated with Systemic Juvenile Idiopathic Arthritis (SJIA);
overt symptoms are present in almost 10% of SJIA patients, while
subclinical presentation can occur in another 30–40%. MAS has been
also associated with other conditions such as pediatric Systemic Lupus
Erythematosus (pSLE) and Kawasaki Disease (KD) [186].
Clinically, the syndrome is characterized by fever, cytopenias, se-
vere hyperferritinemia, coagulopathy, liver dysfunction, and hyper-
triglyceridemia. Bone marrow biopsy often shows the presence of
macrophages with hemophagocytic activity. Many features are shared
with Hemophagocytic Lymphohistiocytosis (HLH), and MAS is indeed
classiﬁed as a secondary form of HLH [184]. In the pathophysiology of
MAS, excessive cellular activation of CD8+ T lymphocyte and macro-
phages leads to a signiﬁcant production of proinﬂammatory cytokines,
the so-called ‘cytokine storm’, which sustains a marked hyperin-
ﬂammatory state [184,185].
In a state of active disease, MAS may be triggered by infectious
agents or changes in therapy, but sometimes it is triggered without a
detectable cause.
Weaver and colleagues [163] developed a murine model of TRL9
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induced MAS by intraperitoneal administration of CpG1826 into anti-
biotic-treated and control mice, to test whether broad-spectrum anti-
biotics are protective in this condition. The model showed that germ-
free antibiotic treated mice did not develop the syndrome; disease
protection was not mediated by defective baseline TLR9 responses and
was indeed related to failed induction of myelopoiesis. Hence, such
model suggests that microbiota-dependent myelopoiesis can play a
central role in the regulation of inﬂammation, and that in the future
microbiota could be targeted for therapeutic beneﬁt for rheumatic
diseases.
Amlani and collaborators [187] reported a case of a 69-year-old
woman with antisynthetase syndrome, who developed ANCA asso-
ciated vasculitis and HLH after a fecal microbiota transplant (FMT). In
this patient, alteration of microbiota could have acted as a trigger for
both vessel inﬂammation and the development of cytokinic storm
leading to HLH, suggesting again that microbiota composition and al-
terations can aﬀect signiﬁcantly immune responses and inﬂammation.
10. Conclusions
Current evidences suggest that perturbation of gut microbiota,
dysbiosis, could contribute to development of JIA. Studies conducted so
far showed that JIA patients seem to have pro-arthritogenic microbial
proﬁles, together with a depletion of microbial biodiversity that are
clearly distinguished from microbiota of healthy subjects. Furthermore,
ﬁndings of altered functional potential of gut microbiota, such as cell
motility, ﬂagellar assembling [168], that aﬀect the gut mucosal barrier
and favor microbial dissemination, or altered metabolism of tryptophan
[178] and butanoate [161], that reduce tolerogenic immune response,
seem suggest a functional contribution of the gut microbiota to in-
ﬂammation status in JIA.
It is was hypothesized that alteration of single bacterial genus could
have direct impact on driving inﬂammation, as suggested for
Bacteroides, Akkermansia or the anti-inﬂammatory F. prausnitzii, which
is found to be depleted in ERA patients. Studies in JIA have shown to
share some features reported for other chronic immune diseases, such
as IBD and RA, strengthening the hypothesis that alteration of microbial
communities and dysbiosis, are involved in the pathogenesis of immune
mediated disorders.
However, results from JIA studies are not always completely in line
with each other; this can be explained by the fact that the populations
considered were very heterogeneous with regard to size of cohorts,
disease status and treatment and, importantly, that JIA represents a
group of many conditions with diverse clinical features, inﬂammation
and autoimmune indices. In addition, the diﬀerent geographic origins
and consequently environments and dietary habits of the studied co-
horts, not least the inter-individual variability could aﬀect the gut mi-
crobiota composition and explain the observed heterogeneity of mi-
crobial proﬁles potentially involved in JIA inﬂammation.
Despite the growing evidences of the role of dysbiosis in JIA, re-
search in this ﬁeld is only at an initial stage. So far, investigation of gut
microbiota composition and alteration in JIA compared to healthy
subjects are only descriptive and the microbial potential functional is
still predictive/hypothetical, making it diﬃcult to prove causative link
between altered microbiome and JIA. Further investigations are thus
needed to clarify the role of pro-arthritogenic microbial proﬁles and the
functional implications contributing to the inﬂammation in each JIA
category, as well as the interactions among genetics and environmental
factors concurring in the development of these pathologies. Finally,
research in this direction should include the understanding of the
possible beneﬁcial eﬀect of immunomodulatory strategies through
modiﬁcation of gut microbiota or restoration of microbial equilibrium
and maintenance of microbial biodiversity and immune homeostasis,
including the relationships with epithelial barrier function.
Acknowledgement
We would like to thank Fondazione Ospedale Pediatrico Meyer
(Firenze, Italy) for the support.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jaut.2019.01.001.
References
[1] E. Jimenez, M.L. Marin, R. Martin, J.M. Odriozola, M. Olivares, J. Xaus, et al., Is
meconium from healthy newborns actually sterile? Res. Microbiol. 159 (2008)
187–193.
[2] M.J. Gosalbes, S. Llop, Y. Valles, A. Moya, F. Ballester, M.P. Francino, Meconium
microbiota types dominated by lactic acid or enteric bacteria are diﬀerentially
associated with maternal eczema and respiratory problems in infants, Clin. Exp.
Allergy: J. British Soc. Allergy Clin. Immunol. 43 (2013) 198–211.
[3] J. Wang, J. Zheng, W. Shi, N. Du, X. Xu, Y. Zhang, et al., Dysbiosis of maternal and
neonatal microbiota associated with gestational diabetes mellitus, Gut 67 (2018)
1614–1625.
[4] C. Palmer, E.M. Bik, D.B. DiGiulio, D.A. Relman, P.O. Brown, Development of the
human infant intestinal microbiota, PLoS Biol. 5 (2007) e177.
[5] C. Human Microbiome Project, Structure, function and diversity of the healthy
human microbiome, Nature 486 (2012) 207–214.
[6] P.B. Eckburg, E.M. Bik, C.N. Bernstein, E. Purdom, L. Dethlefsen, M. Sargent, et al.,
Diversity of the human intestinal microbial ﬂora, Science 308 (2005) 1635–1638.
[7] J. Qin, R. Li, J. Raes, M. Arumugam, K.S. Burgdorf, C. Manichanh, et al., A human
gut microbial gene catalogue established by metagenomic sequencing, Nature 464
(2010) 59–65.
[8] F. Backhed, R.E. Ley, J.L. Sonnenburg, D.A. Peterson, J.I. Gordon, Host-bacterial
mutualism in the human intestine, Science 307 (2005) 1915–1920.
[9] I. Adlerberth, A.E. Wold, Establishment of the gut microbiota in Western infants,
Acta Paediatr. 98 (2009) 229–238.
[10] T.M. Marques, R. Wall, R.P. Ross, G.F. Fitzgerald, C.A. Ryan, C. Stanton,
Programming infant gut microbiota: inﬂuence of dietary and environmental fac-
tors, Curr. Opin. Biotechnol. 21 (2010) 149–156.
[11] J.E. Koenig, A. Spor, N. Scalfone, A.D. Fricker, J. Stombaugh, R. Knight, et al.,
Succession of microbial consortia in the developing infant gut microbiome,
Proceed. Natl. Acad. Sci. U. S. A. 108 (Suppl 1) (2011) 4578–4585.
[12] T. Yatsunenko, F.E. Rey, M.J. Manary, I. Trehan, M.G. Dominguez-Bello,
M. Contreras, et al., Human gut microbiome viewed across age and geography,
Nature 486 (2012) 222–227.
[13] R. Agans, L. Rigsbee, H. Kenche, S. Michail, H.J. Khamis, O. Paliy, Distal gut
microbiota of adolescent children is diﬀerent from that of adults, FEMS Microbiol.
Ecol. 77 (2011) 404–412.
[14] T. Ringel-Kulka, J. Cheng, Y. Ringel, J. Salojarvi, I. Carroll, A. Palva, et al.,
Intestinal microbiota in healthy U.S. young children and adults–a high throughput
microarray analysis, PLoS One 8 (2013) e64315.
[15] J. Cheng, A.M. Palva, W.M. de Vos, R. Satokari, Contribution of the intestinal
microbiota to human health: from birth to 100 years of age, Curr. Top. Microbiol.
Immunol. 358 (2013) 323–346.
[16] E. Biagi, L. Nylund, M. Candela, R. Ostan, L. Bucci, E. Pini, et al., Through ageing,
and beyond: gut microbiota and inﬂammatory status in seniors and centenarians,
PLoS One 5 (2010) e10667.
[17] C.A. Lozupone, J.I. Stombaugh, J.I. Gordon, J.K. Jansson, R. Knight, Diversity,
stability and resilience of the human gut microbiota, Nature 489 (2012) 220–230.
[18] A.D. Kostic, R.J. Xavier, D. Gevers, The microbiome in inﬂammatory bowel dis-
ease: current status and the future ahead, Gastroenterology 146 (2014)
1489–1499.
[19] R.E. Ley, M. Hamady, C. Lozupone, P.J. Turnbaugh, R.R. Ramey, J.S. Bircher,
et al., Evolution of mammals and their gut microbes, Science 320 (2008)
1647–1651.
[20] A. Cotillard, S.P. Kennedy, L.C. Kong, E. Prifti, N. Pons, E. Le Chatelier, et al.,
Dietary intervention impact on gut microbial gene richness, Nature 500 (2013)
585–588.
[21] E. Le Chatelier, T. Nielsen, J. Qin, E. Prifti, F. Hildebrand, G. Falony, et al.,
Richness of human gut microbiome correlates with metabolic markers, Nature 500
(2013) 541–546.
[22] P.J. Turnbaugh, M. Hamady, T. Yatsunenko, B.L. Cantarel, A. Duncan, R.E. Ley,
et al., A core gut microbiome in obese and lean twins, Nature 457 (2009) 480–484.
[23] K.Z. Coyte, J. Schluter, K.R. Foster, The ecology of the microbiome: networks,
competition, and stability, Science 350 (2015) 663–666.
[24] P.M. Smith, M.R. Howitt, N. Panikov, M. Michaud, C.A. Gallini, Y.M. Bohlooly,
et al., The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell
homeostasis, Science 341 (2013) 569–573.
[25] A. Geirnaert, M. Calatayud, C. Grootaert, D. Laukens, S. Devriese, G. Smagghe,
et al., Butyrate-producing bacteria supplemented in vitro to Crohn's disease pa-
tient microbiota increased butyrate production and enhanced intestinal epithelial
barrier integrity, Sci. Rep. 7 (2017) 11450.
[26] M. Schirmer, S.P. Smeekens, H. Vlamakis, M. Jaeger, M. Oosting, E.A. Franzosa,
C. De Filippo et al. Journal of Autoimmunity 98 (2019) 1–12
9
et al., Linking the human gut microbiome to inﬂammatory cytokine production
capacity, Cell 167 (2016) 1125–1136 e8.
[27] R. Aguirre-Gamboa, I. Joosten, P.C.M. Urbano, R.G. van der Molen, E. van Rijssen,
B. van Cranenbroek, et al., Diﬀerential eﬀects of environmental and genetic factors
on T and B cell immune traits, Cell Rep. 17 (2016) 2474–2487.
[28] Y. Li, M. Oosting, S.P. Smeekens, M. Jaeger, R. Aguirre-Gamboa, K.T.T. Le, et al., A
functional genomics approach to understand variation in cytokine production in
humans, Cell 167 (2016) 1099–1110 e14.
[29] R. Ter Horst, M. Jaeger, S.P. Smeekens, M. Oosting, M.A. Swertz, Y. Li, et al., Host
and environmental factors inﬂuencing individual human cytokine responses, Cell
167 (2016) 1111–1124 e13.
[30] E.M. Brown, M. Wlodarska, B.P. Willing, P. Vonaesch, J. Han, L.A. Reynolds, et al.,
Diet and speciﬁc microbial exposure trigger features of environmental enteropathy
in a novel murine model, Nat. Commun. 6 (2015) 7806.
[31] S. Keely, M.M. Walker, E. Marks, N.J. Talley, Immune dysregulation in the func-
tional gastrointestinal disorders, Eur. J. Clin. Investig. 45 (2015) 1350–1359.
[32] V. D'Argenio, G. Casaburi, V. Precone, C. Pagliuca, R. Colicchio, D. Sarnataro,
et al., No change in the mucosal gut microbiome is associated with celiac disease-
speciﬁc microbiome alteration in adult patients, Am. J. Gastroenterol. 111 (2016)
1659–1661.
[33] S. Larcombe, M.L. Hutton, D. Lyras, Involvement of bacteria other than
Clostridium diﬃcile in antibiotic-associated diarrhoea, Trends Microbiol. 24
(2016) 463–476.
[34] M.A. Daulatzai, Chronic functional bowel syndrome enhances gut-brain axis dys-
function, neuroinﬂammation, cognitive impairment, and vulnerability to de-
mentia, Neurochem. Res. 39 (2014) 624–644.
[35] V. Blasco-Baque, L. Garidou, C. Pomie, Q. Escoula, P. Loubieres, S. Le Gall-David,
et al., Periodontitis induced by Porphyromonas gingivalis drives periodontal mi-
crobiota dysbiosis and insulin resistance via an impaired adaptive immune re-
sponse, Gut 66 (2017) 872–885.
[36] C.C. Johnson, D.R. Ownby, Allergies and asthma: do atopic disorders result from
inadequate immune homeostasis arising from infant gut dysbiosis? Expert Rev.
Clin. Immunol. 12 (2016) 379–388.
[37] F. Strati, D. Cavalieri, D. Albanese, C. De Felice, C. Donati, J. Hayek, et al., New
evidences on the altered gut microbiota in autism spectrum disorders, Microbiome
5 (2017) 24.
[38] H. Kayama, K. Takeda, Regulation of intestinal homeostasis by innate and adap-
tive immunity, Int. Immunol. 24 (2012) 673–680.
[39] M.J. Claesson, I.B. Jeﬀery, S. Conde, S.E. Power, E.M. O'Connor, S. Cusack, et al.,
Gut microbiota composition correlates with diet and health in the elderly, Nature
488 (2012) 178–184.
[40] J.L. Round, S.K. Mazmanian, The gut microbiota shapes intestinal immune re-
sponses during health and disease, Nat. Rev. Immunol. 9 (2009) 313–323.
[41] G.A. Rook, R. Martinelli, L.R. Brunet, Innate immune responses to mycobacteria
and the downregulation of atopic responses, Curr. Opin. Allergy Clin. Immunol. 3
(2003) 337–342.
[42] D.P. Strachan, Family size, infection and atopy: the ﬁrst decade of the “hygiene
hypothesis”, Thorax 55 (Suppl 1) (2000) S2–S10.
[43] G.A. Rook, C.A. Lowry, C.L. Raison, Microbial ‘Old Friends’, immunoregulation
and stress resilience, Evol., Med., Publ. Health 2013 (2013) 46–64.
[44] G.A. Rook, L.R. Brunet, Microbes, immunoregulation, and the gut, Gut 54 (2005)
317–320.
[45] G.A. Rook, L.R. Brunet, Old friends for breakfast, Clin. Exp. Allergy: J. British Soc.
Allergy Clin. Immunol. 35 (2005) 841–842.
[46] A. Mira, R. Pushker, F. Rodriguez-Valera, The Neolithic revolution of bacterial
genomes, Trends Microbiol. 14 (2006) 200–206.
[47] M.G. Netea, L.A. Joosten, E. Latz, K.H. Mills, G. Natoli, H.G. Stunnenberg, et al.,
Trained immunity: a program of innate immune memory in health and disease,
Science 352 (2016) aaf1098.
[48] P.L. Stark, A. Lee, The microbial ecology of the large bowel of breast-fed and
formula-fed infants during the ﬁrst year of life, J. Med. Microbiol. 15 (1982)
189–203.
[49] H. Yoshioka, K. Iseki, K. Fujita, Development and diﬀerences of intestinal ﬂora in
the neonatal period in breast-fed and bottle-fed infants, Pediatrics 72 (1983)
317–321.
[50] J. Penders, C. Thijs, C. Vink, F.F. Stelma, B. Snijders, I. Kummeling, et al., Factors
inﬂuencing the composition of the intestinal microbiota in early infancy,
Pediatrics 118 (2006) 511–521.
[51] S.E. Balmer, P.H. Scott, B.A. Wharton, Diet and faecal ﬂora in the newborn: lac-
toferrin, Arch. Dis. Child. 64 (1989) 1685–1690.
[52] I. Le Huerou-Luron, S. Blat, G. Boudry, Breast- v. formula-feeding: impacts on the
digestive tract and immediate and long-term health eﬀects, Nutr. Res. Rev. 23
(2010) 23–36.
[53] O. Hernell, Human milk vs. cow's milk and the evolution of infant formulas, Nestle
Nutrition Workshop Series Paediatric Programme, vol. 67, 2011, pp. 17–28.
[54] V. Lievin, I. Peiﬀer, S. Hudault, F. Rochat, D. Brassart, J.R. Neeser, et al.,
Biﬁdobacterium strains from resident infant human gastrointestinal microﬂora
exert antimicrobial activity, Gut 47 (2000) 646–652.
[55] A. Ouwehand, E. Isolauri, S. Salminen, The role of the intestinal microﬂora for the
development of the immune system in early childhood, Eur. J. Nutr. 41 (Suppl 1)
(2002) I32–I37.
[56] S. Fukuda, H. Toh, K. Hase, K. Oshima, Y. Nakanishi, K. Yoshimura, et al.,
Biﬁdobacteria can protect from enteropathogenic infection through production of
acetate, Nature 469 (2011) 543–547.
[57] A.W. Walker, J. Ince, S.H. Duncan, L.M. Webster, G. Holtrop, X. Ze, et al.,
Dominant and diet-responsive groups of bacteria within the human colonic
microbiota, ISME J. 5 (2011) 220–230.
[58] E.C. Leitch, A.W. Walker, S.H. Duncan, G. Holtrop, H.J. Flint, Selective coloni-
zation of insoluble substrates by human faecal bacteria, Environ. Microbiol. 9
(2007) 667–679.
[59] N.M. Koropatkin, E.A. Cameron, E.C. Martens, How glycan metabolism shapes the
human gut microbiota, Nat. Rev. Microbiol. 10 (2012) 323–335.
[60] C. De Filippo, D. Cavalieri, M. Di Paola, M. Ramazzotti, J.B. Poullet, S. Massart,
et al., Impact of diet in shaping gut microbiota revealed by a comparative study in
children from Europe and rural Africa, Proceed. Natl. Acad. Sci. U. S. A. 107
(2010) 14691–14696.
[61] C. De Filippo, M. Di Paola, M. Ramazzotti, D. Albanese, G. Pieraccini, E. Banci,
et al., Diet, environments, and gut microbiota. A preliminary investigation in
children living in rural and urban Burkina Faso and Italy, Front. Microbiol. 8
(2017) 1979.
[62] S.L. Schnorr, M. Candela, S. Rampelli, M. Centanni, C. Consolandi, G. Basaglia,
et al., Gut microbiome of the Hadza hunter-gatherers, Nat. Commun. 5 (2014)
3654.
[63] I. Martinez, J.C. Stegen, M.X. Maldonado-Gomez, A.M. Eren, P.M. Siba,
A.R. Greenhill, et al., The gut microbiota of rural papua new guineans: composi-
tion, diversity patterns, and ecological processes, Cell Rep. 11 (2015) 527–538.
[64] A. Gomez, K.J. Petrzelkova, M.B. Burns, C.J. Yeoman, K.R. Amato, K. Vlckova,
et al., Gut microbiome of coexisting BaAka pygmies and Bantu reﬂects gradients of
traditional subsistence patterns, Cell Rep. 14 (2016) 2142–2153.
[65] A. Lin, E.M. Bik, E.K. Costello, L. Dethlefsen, R. Haque, D.A. Relman, et al.,
Distinct distal gut microbiome diversity and composition in healthy children from
Bangladesh and the United States, PLoS One 8 (2013) e53838.
[66] L.A. David, C.F. Maurice, R.N. Carmody, D.B. Gootenberg, J.E. Button, B.E. Wolfe,
et al., Diet rapidly and reproducibly alters the human gut microbiome, Nature 505
(2014) 559–563.
[67] S. Dollive, G.L. Peterfreund, S. Sherrill-Mix, K. Bittinger, R. Sinha, C. Hoﬀmann,
et al., A tool kit for quantifying eukaryotic rRNA gene sequences from human
microbiome samples, Genome Biol. 13 (2012) R60.
[68] C. Hoﬀmann, S. Dollive, S. Grunberg, J. Chen, H. Li, G.D. Wu, et al., Archaea and
fungi of the human gut microbiome: correlations with diet and bacterial residents,
PLoS One 8 (2013) e66019.
[69] B.S. Samuel, J.I. Gordon, A humanized gnotobiotic mouse model of host-archaeal-
bacterial mutualism, Proceed. Natl. Acad. Sci. U. S. A. 103 (2006) 10011–10016.
[70] B. Sendid, J.F. Quinton, G. Charrier, O. Goulet, A. Cortot, B. Grandbastien, et al.,
Anti-Saccharomyces cerevisiae mannan antibodies in familial Crohn's disease, Am.
J. Gastroenterol. 93 (1998) 1306–1310.
[71] I.D. Iliev, V.A. Funari, K.D. Taylor, Q. Nguyen, C.N. Reyes, S.P. Strom, et al.,
Interactions between commensal fungi and the C-type lectin receptor Dectin-1
inﬂuence colitis, Science 336 (2012) 1314–1317.
[72] H. Sokol, V. Leducq, H. Aschard, H.P. Pham, S. Jegou, C. Landman, et al., Fungal
microbiota dysbiosis in IBD, Gut 66 (2016) 1039–1048.
[73] M. Arumugam, J. Raes, E. Pelletier, D. Le Paslier, T. Yamada, D.R. Mende, et al.,
Enterotypes of the human gut microbiome, Nature 473 (2011) 174–180.
[74] G.D. Wu, J. Chen, C. Hoﬀmann, K. Bittinger, Y.Y. Chen, S.A. Keilbaugh, et al.,
Linking long-term dietary patterns with gut microbial enterotypes, Science 334
(2011) 105–108.
[75] O. Koren, D. Knights, A. Gonzalez, L. Waldron, N. Segata, R. Knight, et al., A guide
to enterotypes across the human body: meta-analysis of microbial community
structures in human microbiome datasets, PLoS Comput. Biol. 9 (2013) e1002863.
[76] K. Faust, J.F. Sathirapongsasuti, J. Izard, N. Segata, D. Gevers, J. Raes, et al.,
Microbial co-occurrence relationships in the human microbiome, PLoS Comput.
Biol. 8 (2012) e1002606.
[77] J.L. Sonnenburg, F. Backhed, Diet-microbiota interactions as moderators of human
metabolism, Nature 535 (2016) 56–64.
[78] G. Dubourg, J.C. Lagier, F. Armougom, C. Robert, I. Hamad, P. Brouqui, et al., The
gut microbiota of a patient with resistant tuberculosis is more comprehensively
studied by culturomics than by metagenomics, Eur. J. Clin. Microbiol. Infect. Dis. :
Oﬀ. Publ. Eur. Soc. Clin. Microbiol. 32 (2013) 637–645.
[79] H.E. Jakobsson, C. Jernberg, A.F. Andersson, M. Sjolund-Karlsson, J.K. Jansson,
L. Engstrand, Short-term antibiotic treatment has diﬀering long-term impacts on
the human throat and gut microbiome, PLoS One 5 (2010) e9836.
[80] L. Dethlefsen, S. Huse, M.L. Sogin, D.A. Relman, The pervasive eﬀects of an an-
tibiotic on the human gut microbiota, as revealed by deep 16S rRNA sequencing,
PLoS Biol. 6 (2008) e280.
[81] S. Panda, I. El khader, F. Casellas, J. Lopez Vivancos, M. Garcia Cors, A. Santiago,
et al., Short-term eﬀect of antibiotics on human gut microbiota, PLoS One 9 (2014)
e95476.
[82] F. Fouhy, C.M. Guinane, S. Hussey, R. Wall, C.A. Ryan, E.M. Dempsey, et al., High-
throughput sequencing reveals the incomplete, short-term recovery of infant gut
microbiota following parenteral antibiotic treatment with ampicillin and genta-
micin, Antimicrob. Agents Chemother. 56 (2012) 5811–5820.
[83] I. Aloisio, A. Quagliariello, S. De Fanti, D. Luiselli, C. De Filippo, D. Albanese,
et al., Evaluation of the eﬀects of intrapartum antibiotic prophylaxis on newborn
intestinal microbiota using a sequencing approach targeted to multi hypervariable
16S rDNA regions, Appl. Microbiol. Biotechnol. 100 (2016) 5537–5546.
[84] K. Korpela, A. Salonen, O. Vepsalainen, M. Suomalainen, C. Kolmeder,
M. Varjosalo, et al., Probiotic supplementation restores normal microbiota com-
position and function in antibiotic-treated and in caesarean-born infants,
Microbiome 6 (2018) 182.
[85] M.V. Tulstrup, H.M. Roager, I.C. Thaarup, H.L. Frandsen, H. Frokiaer, T.R. Licht,
et al., Antibiotic treatment of rat dams aﬀects bacterial colonization and causes
decreased weight gain in pups, Commun. Biol. 1 (2018) 145.
C. De Filippo et al. Journal of Autoimmunity 98 (2019) 1–12
10
[86] L. Dethlefsen, D.A. Relman, Incomplete recovery and individualized responses of
the human distal gut microbiota to repeated antibiotic perturbation, Proceed. Natl.
Acad. Sci. U. S. A. 108 (Suppl 1) (2011) 4554–4561.
[87] C. Jernberg, S. Lofmark, C. Edlund, J.K. Jansson, Long-term ecological impacts of
antibiotic administration on the human intestinal microbiota, ISME J. 1 (2007)
56–66.
[88] M. Arvonen, L. Berntson, T. Pokka, T.J. Karttunen, P. Vahasalo, M.L. Stoll, Gut
microbiota-host interactions and juvenile idiopathic arthritis, Pediatric
Rheumatol. Online J. 14 (2016) 44.
[89] Y.K. Lee, S.K. Mazmanian, Has the microbiota played a critical role in the evo-
lution of the adaptive immune system? Science 330 (2010) 1768–1773.
[90] M. Sellitto, G. Bai, G. Serena, W.F. Fricke, C. Sturgeon, P. Gajer, et al., Proof of
concept of microbiome-metabolome analysis and delayed gluten exposure on ce-
liac disease autoimmunity in genetically at-risk infants, PLoS One 7 (2012)
e33387.
[91] L. Wen, R.E. Ley, P.Y. Volchkov, P.B. Stranges, L. Avanesyan, A.C. Stonebraker,
et al., Innate immunity and intestinal microbiota in the development of Type 1
diabetes, Nature 455 (2008) 1109–1113.
[92] A. Giongo, K.A. Gano, D.B. Crabb, N. Mukherjee, L.L. Novelo, G. Casella, et al.,
Toward deﬁning the autoimmune microbiome for type 1 diabetes, ISME J. 5
(2011) 82–91.
[93] P.D. Cani, N.M. Delzenne, J. Amar, R. Burcelin, Role of gut microﬂora in the de-
velopment of obesity and insulin resistance following high-fat diet feeding, Pathol.
Biol. 56 (2008) 305–309.
[94] M.P. Francino, Antibiotics and the human gut microbiome: dysbioses and accu-
mulation of resistances, Front. Microbiol. 6 (2015) 1543.
[95] M.P. Francino, Early development of the gut microbiota and immune health,
Pathogens 3 (2014) 769–790.
[96] D.B. Horton, F.I. Scott, K. Haynes, M.E. Putt, C.D. Rose, J.D. Lewis, et al.,
Antibiotic exposure and juvenile idiopathic arthritis: a case-control study,
Pediatrics 136 (2015) e333–e343.
[97] M. Arvonen, L.J. Virta, T. Pokka, L. Kroger, P. Vahasalo, Repeated exposure to
antibiotics in infancy: a predisposing factor for juvenile idiopathic arthritis or a
sign of this group's greater susceptibility to infections? J. Rheumatol. 42 (2015)
521–526.
[98] A. Hviid, H. Svanstrom, M. Frisch, Antibiotic use and inﬂammatory bowel diseases
in childhood, Gut 60 (2011) 49–54.
[99] P.J. Turnbaugh, V.K. Ridaura, J.J. Faith, F.E. Rey, R. Knight, J.I. Gordon, The
eﬀect of diet on the human gut microbiome: a metagenomic analysis in humanized
gnotobiotic mice, Sci. Transl. Med. 1 (2009) 6ra14.
[100] H. Renz, P. Brandtzaeg, M. Hornef, The impact of perinatal immune development
on mucosal homeostasis and chronic inﬂammation, Nat. Rev. Immunol. 12 (2011)
9–23.
[101] T.W. McDade, Early environments and the ecology of inﬂammation, Proceed. Natl.
Acad. Sci. U. S. A. 109 (Suppl 2) (2012) 17281–17288.
[102] A. Kondrashova, T. Seiskari, J. Ilonen, M. Knip, H. Hyoty, The ‘Hygiene hypoth-
esis’ and the sharp gradient in the incidence of autoimmune and allergic diseases
between Russian Karelia and Finland, APMIS: Acta Pathol. Microbiol. Immunol.
Scand. 121 (2013) 478–493.
[103] C.E. West, M.C. Jenmalm, S.L. Prescott, The gut microbiota and its role in the
development of allergic disease: a wider perspective, Clin. Exp. Allergy : J. British
Soc. Allergy Clin. Immunol. 45 (2015) 43–53.
[104] T. Zuo, M.A. Kamm, J.F. Colombel, S.C. Ng, Urbanization and the gut microbiota
in health and inﬂammatory bowel disease, Nat. Rev. Gastroenterol. Hepatol. 15
(2018) 440–452.
[105] M.J. Blaser, S. Falkow, What are the consequences of the disappearing human
microbiota? Nat. Rev. Microbiol. 7 (2009) 887–894.
[106] M. Zhou, J. He, Y. Shen, C. Zhang, J. Wang, Y. Chen, New frontiers in genetics, gut
microbiota, and immunity: a Rosetta stone for the pathogenesis of inﬂammatory
bowel disease, BioMed Res. Int. 2017 (2017) 8201672.
[107] H.J. Wu, E. Wu, The role of gut microbiota in immune homeostasis and auto-
immunity, Gut Microb. 3 (2012) 4–14.
[108] V. Pascal, M. Pozuelo, N. Borruel, F. Casellas, D. Campos, A. Santiago, et al., A
microbial signature for Crohn's disease, Gut 66 (2017) 813–822.
[109] J. McIlroy, G. Ianiro, I. Mukhopadhya, R. Hansen, G.L. Hold, Review article: the
gut microbiome in inﬂammatory bowel disease-avenues for microbial manage-
ment, Aliment. Pharmacol. Ther. 47 (2018) 26–42.
[110] J. Montoya, N.B. Matta, P. Suchon, M.C. Guzian, N.C. Lambert, J.P. Mattei, et al.,
Patients with ankylosing spondylitis have been breast fed less often than healthy
controls: a case-control retrospective study, Ann. Rheum. Dis. 75 (2016) 879–882.
[111] T. Mason, C.E. Rabinovich, D.D. Fredrickson, K. Amoroso, A.M. Reed, L.D. Stein,
et al., Breast feeding and the development of juvenile rheumatoid arthritis, J.
Rheumatol. 22 (1995) 1166–1170.
[112] A.M. Rosenberg, Evaluation of associations between breast feeding and sub-
sequent development of juvenile rheumatoid arthritis, J. Rheumatol. 23 (1996)
1080–1082.
[113] O. Kasapcopur, Y. Tasdan, M. Apelyan, S. Akkus, S. Caliskan, L. Sever, et al., Does
breast feeding prevent the development of juvenile rheumatoid arthritis? J.
Rheumatol. 25 (1998) 2286–2287.
[114] H. Chung, D.L. Kasper, Microbiota-stimulated immune mechanisms to maintain
gut homeostasis, Curr. Opin. Immunol. 22 (2010) 455–460.
[115] M.L. Stoll, R. Kumar, C.D. Morrow, E.J. Lefkowitz, X. Cui, A. Genin, et al., Altered
microbiota associated with abnormal humoral immune responses to commensal
organisms in enthesitis-related arthritis, Arthritis Res. Ther. 16 (2014) 486.
[116] H.J. Wu, Ivanov II, J. Darce, K. Hattori, T. Shima, Y. Umesaki, et al., Gut-residing
segmented ﬁlamentous bacteria drive autoimmune arthritis via T helper 17 cells,
Immunity 32 (2010) 815–827.
[117] F. Teng, K.M. Felix, C.P. Bradley, D. Naskar, H. Ma, W.A. Raslan, et al., The impact
of age and gut microbiota on Th17 and Tfh cells in K/BxN autoimmune arthritis,
Arthritis Res. Ther. 19 (2017) 188.
[118] D.A. Hill, C. Hoﬀmann, M.C. Abt, Y. Du, D. Kobuley, T.J. Kirn, et al., Metagenomic
analyses reveal antibiotic-induced temporal and spatial changes in intestinal mi-
crobiota with associated alterations in immune cell homeostasis, Mucosal
Immunol. 3 (2010) 148–158.
[119] R. Lundberg, M.F. Toft, B. August, A.K. Hansen, C.H. Hansen, Antibiotic-treated
versus germ-free rodents for microbiota transplantation studies, Gut Microb. 7
(2016) 68–74.
[120] M.L. Stoll, M.K. Pierce, J.A. Watkins, M. Zhang, P.F. Weiss, J.E. Weiss, et al.,
Akkermansia muciniphila is permissive to arthritis in the K/BxN mouse model of
arthritis, Genes Immun. (2018) [Epub ahead of print].
[121] J.D. Taurog, J.A. Richardson, J.T. Croft, W.A. Simmons, M. Zhou, J.L. Fernandez-
Sueiro, et al., The germfree state prevents development of gut and joint in-
ﬂammatory disease in HLA-B27 transgenic rats, J. Exp. Med. 180 (1994)
2359–2364.
[122] H.C. Rath, H.H. Herfarth, J.S. Ikeda, W.B. Grenther, T.E. Hamm Jr., E. Balish,
et al., Normal luminal bacteria, especially Bacteroides species, mediate chronic
colitis, gastritis, and arthritis in HLA-B27/human beta2 microglobulin transgenic
rats, J. Clin. Invest. 98 (1996) 945–953.
[123] R.S. Longman, D.R. Littman, The functional impact of the intestinal microbiome
on mucosal immunity and systemic autoimmunity, Curr. Opin. Rheumatol. 27
(2015) 381–387.
[124] P. Sandhya, D. Danda, D. Sharma, V. Scaria, Does the buck stop with the bugs?: an
overview of microbial dysbiosis in rheumatoid arthritis, Int. J. Rheum. Dis. 19
(2016) 8–20.
[125] S.N. Lichtman, J. Wang, R.B. Sartor, C. Zhang, D. Bender, F.G. Dalldorf, et al.,
Reactivation of arthritis induced by small bowel bacterial overgrowth in rats: role
of cytokines, bacteria, and bacterial polymers, Infect. Immun. 63 (1995)
2295–2301.
[126] R.E. Esser, S.A. Stimpson, W.J. Cromartie, J.H. Schwab, Reactivation of strepto-
coccal cell wall-induced arthritis by homologous and heterologous cell wall
polymers, Arthritis Rheum. 28 (1985) 1402–1411.
[127] S.A. Stimpson, R.E. Esser, P.B. Carter, R.B. Sartor, W.J. Cromartie, J.H. Schwab,
Lipopolysaccharide induces recurrence of arthritis in rat joints previously injured
by peptidoglycan-polysaccharide, J. Exp. Med. 165 (1987) 1688–1702.
[128] K. Granfors, S. Jalkanen, R. von Essen, R. Lahesmaa-Rantala, O. Isomaki,
K. Pekkola-Heino, et al., Yersinia antigens in synovial-ﬂuid cells from patients with
reactive arthritis, N. Engl. J. Med. 320 (1989) 216–221.
[129] K. Granfors, S. Jalkanen, A.A. Lindberg, O. Maki-Ikola, R. von Essen, R. Lahesmaa-
Rantala, et al., Salmonella lipopolysaccharide in synovial cells from patients with
reactive arthritis, Lancet 335 (1990) 685–688.
[130] S. Abdollahi-Roodsaz, L.A. Joosten, M.M. Helsen, B. Walgreen, P.L. van Lent,
L.A. van den Bersselaar, et al., Shift from toll-like receptor 2 (TLR-2) toward TLR-4
dependency in the erosive stage of chronic streptococcal cell wall arthritis coin-
cident with TLR-4-mediated interleukin-17 production, Arthritis Rheum. 58
(2008) 3753–3764.
[131] Z. Sinkorova, J. Capkova, J. Niederlova, R. Stepankova, J. Sinkora, Commensal
intestinal bacterial strains trigger ankylosing enthesopathy of the ankle in inbred
B10.BR (H-2(k)) male mice, Hum. Immunol. 69 (2008) 845–850.
[132] J.U. Scher, A. Sczesnak, R.S. Longman, N. Segata, C. Ubeda, C. Bielski, et al.,
Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to
arthritis, eLife 2 (2013) e01202.
[133] S.B. Brusca, S.B. Abramson, J.U. Scher, Microbiome and mucosal inﬂammation as
extra-articular triggers for rheumatoid arthritis and autoimmunity, Curr. Opin.
Rheumatol. 26 (2014) 101–107.
[134] M.E. Costello, F. Ciccia, D. Willner, N. Warrington, P.C. Robinson, B. Gardiner,
et al., Brief Report: Intestinal dysbiosis in ankylosing spondylitis, Arthritis
Rheumatol. 67 (2015) 686–691.
[135] C. Ubeda, V. Bucci, S. Caballero, A. Djukovic, N.C. Toussaint, M. Equinda, et al.,
Intestinal microbiota containing Barnesiella species cures vancomycin-resistant
Enterococcus faecium colonization, Infect. Immun. 81 (2013) 965–973.
[136] L.E. Tailford, E.H. Crost, D. Kavanaugh, N. Juge, Mucin glycan foraging in the
human gut microbiome, Front. Genet. 6 (2015) 81.
[137] C.L. Wells, E.M. van de Westerlo, R.P. Jechorek, B.A. Feltis, T.D. Wilkins,
S.L. Erlandsen, Bacteroides fragilis enterotoxin modulates epithelial permeability
and bacterial internalization by HT-29 enterocytes, Gastroenterology 110 (1996)
1429–1437.
[138] M. Derrien, E.E. Vaughan, C.M. Plugge, W.M. de Vos, Akkermansia muciniphila
gen. nov., sp. nov., a human intestinal mucin-degrading bacterium, Int. J. Syst.
Evol. Microbiol. 54 (2004) 1469–1476.
[139] O. Martinez-Gonzalez, J. Cantero-Hinojosa, P. Paule-Sastre, J.C. Gomez-Magan,
D. Salvatierra-Rios, Intestinal permeability in patients with ankylosing spondylitis
and their healthy relatives, Br. J. Rheumatol. 33 (1994) 644–647.
[140] M.J. Asquith, P. Stauﬀer, S. Davin, C. Mitchell, P. Lin, J.T. Rosenbaum, Perturbed
mucosal immunity and dysbiosis accompany clinical disease in a rat model of
spondyloarthritis, Arthritis Rheumatol. 68 (2016) 2151–2162.
[141] P. Lionetti, A. Pupi, M. Veltroni, C. Fonda, M.C. Cavicchi, C. Azzari, et al.,
Evidence of subclinical intestinal inﬂammation by 99m technetium leukocyte
scintigraphy in patients with HLA-B27 positive juvenile onset active spondyloar-
thropathy, J. Rheumatol. 27 (2000) 1538–1541.
[142] N. Yeoh, J.P. Burton, P. Suppiah, G. Reid, S. Stebbings, The role of the microbiome
in rheumatic diseases, Curr. Rheumatol. Rep. 15 (2013) 314.
[143] S.B. Warjri, T. Ete, T. Beyong, B. Barman, K.G. Lynrah, H. Nobin, et al., Coeliac
C. De Filippo et al. Journal of Autoimmunity 98 (2019) 1–12
11
disease with rheumatoid arthritis: an unusual association, Gastroenterol. Res. 8
(2015) 167–168.
[144] Y. Liu, G.S. Hazlewood, G.G. Kaplan, B. Eksteen, C. Barnabe, Impact of obesity on
remission and disease activity in rheumatoid arthritis: a systematic review and
meta-analysis, Arthritis Care Res. 69 (2017) 157–165.
[145] L.K. Stamp, M.J. James, L.G. Cleland, Diet and rheumatoid arthritis: a review of
the literature, Semin. Arthritis Rheum. 35 (2005) 77–94.
[146] H. Badsha, Role of diet in inﬂuencing rheumatoid arthritis disease activity, Open
Rheumatol. J. 12 (2018) 19–28.
[147] T.A. van der Meulen, H. Harmsen, H. Bootsma, F. Spijkervet, F. Kroese, A. Vissink,
The microbiome-systemic diseases connection, Oral Dis. 22 (2016) 719–734.
[148] S. Li, R. Micheletti, Role of diet in rheumatic disease, Rheum. Dis. Clin. N. Am. 37
(2011) 119–133.
[149] J.U. Scher, Intestinal dysbiosis and potential consequences of microbiome-altering
antibiotic use in the pathogenesis of human rheumatic disease, J. Rheumatol. 42
(2015) 355–357.
[150] T. Van de Wiele, J.T. Van Praet, M. Marzorati, M.B. Drennan, D. Elewaut, How the
microbiota shapes rheumatic diseases, Nat. Rev. Rheumatol. 12 (2016) 398–411.
[151] D.A. Peterson, D.N. Frank, N.R. Pace, J.I. Gordon, Metagenomic approaches for
deﬁning the pathogenesis of inﬂammatory bowel diseases, Cell Host Microbe 3
(2008) 417–427.
[152] S. Michail, M. Durbin, D. Turner, A.M. Griﬃths, D.R. Mack, J. Hyams, et al.,
Alterations in the gut microbiome of children with severe ulcerative colitis,
Inﬂamm. Bowel Dis. 18 (2012) 1799–1808.
[153] M. Murri, I. Leiva, J.M. Gomez-Zumaquero, F.J. Tinahones, F. Cardona,
F. Soriguer, et al., Gut microbiota in children with type 1 diabetes diﬀers from that
in healthy children: a case-control study, BMC Med. 11 (2013) 46.
[154] S. Stebbings, K. Munro, M.A. Simon, G. Tannock, J. Highton, H. Harmsen, et al.,
Comparison of the faecal microﬂora of patients with ankylosing spondylitis and
controls using molecular methods of analysis, Rheumatology 41 (2002)
1395–1401.
[155] A. Ravelli, A. Martini, Juvenile idiopathic arthritis, Lancet 369 (2007) 767–778.
[156] R.E. Petty, T.R. Southwood, P. Manners, J. Baum, D.N. Glass, J. Goldenberg, et al.,
International League of Associations for Rheumatology classiﬁcation of juvenile
idiopathic arthritis: second revision, Edmonton, 2001, J. Rheumatol. 31 (2004)
390–392.
[157] P. Picco, M. Gattorno, N. Marchese, S. Vignola, M.P. Sormani, A. Barabino, et al.,
Increased gut permeability in juvenile chronic arthritides. A multivariate analysis
of the diagnostic parameters, Clin. Exp. Rheumatol. 18 (2000) 773–778.
[158] M.L. Stoll, Gut microbes, immunity, and spondyloarthritis, Clin. Immunol. 159
(2015) 134–142.
[159] L.T. Thorkildsen, F.C. Nwosu, E. Avershina, P. Ricanek, G. Perminow,
S. Brackmann, et al., Dominant fecal microbiota in newly diagnosed untreated
inﬂammatory bowel disease patients, Gastroenterol. Res. Pract. 2013 (2013)
636785.
[160] W. Wang, L. Chen, R. Zhou, X. Wang, L. Song, S. Huang, et al., Increased pro-
portions of Biﬁdobacterium and the Lactobacillus group and loss of butyrate-
producing bacteria in inﬂammatory bowel disease, J. Clin. Microbiol. 52 (2014)
398–406.
[161] M.L. Stoll, P.F. Weiss, J.E. Weiss, P.A. Nigrovic, B.S. Edelheit, S.L. Bridges Jr.et al.,
Age and fecal microbial strain-speciﬁc diﬀerences in patients with spondyloar-
thritis, Arthritis Res. Ther. 20 (2018) 14.
[162] G.L. Hold, A. Schwiertz, R.I. Aminov, M. Blaut, H.J. Flint, Oligonucleotide probes
that detect quantitatively signiﬁcant groups of butyrate-producing bacteria in
human feces, Appl. Environ. Microbiol. 69 (2003) 4320–4324.
[163] A. Aggarwal, A.N. Sarangi, P. Gaur, A. Shukla, R. Aggarwal, Gut microbiome in
children with enthesitis-related arthritis in a developing country and the eﬀect of
probiotic administration, Clin. Exp. Immunol. 187 (2017) 480–489.
[164] T. Vatanen, A.D. Kostic, E. d'Hennezel, H. Siljander, E.A. Franzosa, M. Yassour,
et al., Variation in microbiome LPS immunogenicity contributes to autoimmunity
in humans, Cell 165 (2016) 1551.
[165] C.J. Eastmond, M. Calguner, R. Shinebaum, E.M. Cooke, V. Wright, A sequential
study of the relationship between faecal Klebsiella aerogenes and the common
clinical manifestations of ankylosing spondylitis, Ann. Rheum. Dis. 41 (1982)
15–20.
[166] E. Balish, T. Warner, Enterococcus faecalis induces inﬂammatory bowel disease in
interleukin-10 knockout mice, Am. J. Pathol. 160 (2002) 2253–2257.
[167] M.V. Tejesvi, M. Arvonen, S.M. Kangas, P.L. Keskitalo, A.M. Pirttila,
T.J. Karttunen, et al., Faecal microbiome in new-onset juvenile idiopathic arthritis,
Eur. J. Clin. Microbiol. Infect. Dis. : Oﬀ. Publ. Eur. Soc. Clin. Microbiol. 35 (2015)
363–370.
[168] M. Di Paola, D. Cavalieri, D. Albanese, M. Sordo, M. Pindo, C. Donati, et al.,
Alteration of fecal microbiota proﬁles in juvenile idiopathic arthritis. Associations
with HLA-B27 allele and disease status, Front. Microbiol. 7 (2016) 1703.
[169] J.U. Scher, C. Ubeda, A. Artacho, M. Attur, S. Isaac, S.M. Reddy, et al., Decreased
bacterial diversity characterizes the altered gut microbiota in patients with psor-
iatic arthritis, resembling dysbiosis in inﬂammatory bowel disease, Arthritis
Rheumatol. 67 (2015) 128–139.
[170] S.R. Targan, C.J. Landers, H. Yang, M.J. Lodes, Y. Cong, K.A. Papadakis, et al.,
Antibodies to CBir1 ﬂagellin deﬁne a unique response that is associated in-
dependently with complicated Crohn's disease, Gastroenterology 128 (2005)
2020–2028.
[171] S. Devkota, Y. Wang, M.W. Musch, V. Leone, H. Fehlner-Peach, A. Nadimpalli,
et al., Dietary-fat-induced taurocholic acid promotes pathobiont expansion and
colitis in Il10-/- mice, Nature 487 (2012) 104–108.
[172] J. Loubinoux, J.P. Bronowicki, I.A. Pereira, J.L. Mougenel, A.E. Faou, Sulfate-re-
ducing bacteria in human feces and their association with inﬂammatory bowel
diseases, FEMS Microbiol. Ecol. 40 (2002) 107–112.
[173] F.E. Rowan, N.G. Docherty, J.C. Coﬀey, P.R. O'Connell, Sulphate-reducing bacteria
and hydrogen sulphide in the aetiology of ulcerative colitis, Br. J. Surg. 96 (2009)
151–158.
[174] D. Zhong, R. Brower-Sinning, B. Firek, M.J. Morowitz, Acute appendicitis in
children is associated with an abundance of bacteria from the phylum
Fusobacteria, J. Pediatr. Surg. 49 (2014) 441–446.
[175] Y.Y. Lam, C.W. Ha, C.R. Campbell, A.J. Mitchell, A. Dinudom, J. Oscarsson, et al.,
Increased gut permeability and microbiota change associate with mesenteric fat
inﬂammation and metabolic dysfunction in diet-induced obese mice, PLoS One 7
(2012) e34233.
[176] F. Morio, H. Jean-Pierre, L. Dubreuil, E. Jumas-Bilak, L. Calvet, G. Mercier, et al.,
Antimicrobial susceptibilities and clinical sources of Dialister species, Antimicrob.
Agents Chemother. 51 (2007) 4498–4501.
[177] E.H.P. van Dijkhuizen, F. Del Chierico, C. Malattia, A. Russo, D. Pires Marafon,
N.M. Ter Haar, et al., Microbiome analytics of the gut microbiota in juvenile
idiopathic arthritis patients: an observational, longitudinal cohort study, Arthritis
Rheumatol. (2018) [Epub ahead of print].
[178] M.L. Stoll, R. Kumar, E.J. Lefkowitz, R.Q. Cron, C.D. Morrow, S. Barnes, Fecal
metabolomics in pediatric spondyloarthritis implicate decreased metabolic di-
versity and altered tryptophan metabolism as pathogenic factors, Genes Immun.
17 (2016) 400–405.
[179] A.P. Cribbs, A. Kennedy, H. Penn, J.E. Read, P. Amjadi, P. Green, et al., Treg cell
function in rheumatoid arthritis is compromised by ctla-4 promoter methylation
resulting in a failure to activate the indoleamine 2,3-dioxygenase pathway,
Arthritis Rheumatol. 66 (2014) 2344–2354.
[180] K.Y. Kang, S.H. Lee, S.M. Jung, S.H. Park, B.H. Jung, J.H. Ju, Downregulation of
tryptophan-related metabolomic proﬁle in rheumatoid arthritis synovial ﬂuid, J.
Rheumatol. 42 (2015) 2003–2011.
[181] B. Lamas, M.L. Richard, V. Leducq, H.P. Pham, M.L. Michel, G. Da Costa, et al.,
CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into
aryl hydrocarbon receptor ligands, Nat. Med. 22 (2016) 598–605.
[182] Y. Shiomi, S. Nishiumi, M. Ooi, N. Hatano, M. Shinohara, T. Yoshie, et al., GCMS-
based metabolomic study in mice with colitis induced by dextran sulfate sodium,
Inﬂamm. Bowel Dis. 17 (2011) 2261–2274.
[183] S. Davi, A. Consolaro, D. Guseinova, A. Pistorio, N. Ruperto, A. Martini, et al., An
international consensus survey of diagnostic criteria for macrophage activation
syndrome in systemic juvenile idiopathic arthritis, J. Rheumatol. 38 (2011)
764–768.
[184] G.S. Schulert, A.A. Grom, Pathogenesis of macrophage activation syndrome and
potential for cytokine- directed therapies, Annu. Rev. Med. 66 (2015) 145–159.
[185] F. Minoia, S. Davi, A. Horne, E. Demirkaya, F. Bovis, C. Li, et al., Clinical features,
treatment, and outcome of macrophage activation syndrome complicating sys-
temic juvenile idiopathic arthritis: a multinational, multicenter study of 362 pa-
tients, Arthritis Rheumatol. 66 (2014) 3160–3169.
[186] A. Ravelli, F. Minoia, S. Davi, A. Horne, F. Bovis, A. Pistorio, et al., 2016 classi-
ﬁcation criteria for macrophage activation syndrome complicating systemic ju-
venile idiopathic arthritis: a European league against rheumatism/American col-
lege of rheumatology/paediatric Rheumatology international trials organisation
collaborative initiative, Ann. Rheum. Dis. 75 (2016) 481–489.
[187] A. Amlani, A. Bromley, A. Fiﬁ-Mah, ANCA vasculitis and hemophagocytic
Lymphohistiocytosis following a fecal microbiota transplant, Case Rep.
Rheumatol. 2018 (2018) 9263537.
C. De Filippo et al. Journal of Autoimmunity 98 (2019) 1–12
12
